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Abstract: Although the burden of mental disorders continues to grow worldwide, their neurobiology still
remains insufficiently understood. Over the last quarter century, methodological advances in neuroimag-
ing have transformed the field of neuroscience. The advent of magnetic resonance imaging (MRI) and
more particularly the development of echo planar imaging (EPI) pulse sequences, enabled novel appli-
cations, including functional magnetic resonance imaging (fMRI) and diffusion weighted/tensor imaging
(DWI/DTI). Together, both methods allow for a characterization of the neuronal circuitry, which may
serve as a specific biomarker for mental disorders. However, the functional architecture of the human
brain remains elusive, while methodological limitations are still hampering our scientific progress. The
six articles selected for this habilitation thesis address different aspects of EPI based MR neuroimaging
with an emphasis on two main aspects: First, the application of fMRI in clinical populations with mental
illness to explore associations between the functional connectome and behaviour, disease course and/or
neuropathology. Second, the development and optimization of novel DWI/DTI approaches and their
subsequent validation in peripheral neuronal structures. Using fMRI, we found a relationship between al-
tered subcortical-cortical functional connectivity and psychotic symptoms in patients with schizophrenia,
described an association between aberrant graph-theoretical network- topology and the course of disease
in patients with depression and demonstrated an intricate interaction between brain activity during rest,
task, cognitive performance and amyloid-￿ (A￿) as measured with A￿-specific positron-emission tomogra-
phy in patients with prodromal Alzheimer’s disease. In addition, we validated the reproducibility of a
novel DWI/DTI approach with optimized slice-wise shimming, tested the feasibility and performance of
DTI in fine neuronal structures applying a novel readout segmented EPI and evaluated to which extent
the acquisition can be accelerated without impeding the data quality. With its two main focuses within
the framework of MR EPI neuroimaging, this work presents potential applications of already established
methods to investigate the neurobiology underlying mental disorders as well as novel methodological
developments in MR neuroimaging. The integration of methodological developments and applications
in clinical research settings according to hypotheses derived from clinical observations may allow for the
detection of biomarkers, which might have an influence on diagnostics and clinical decision making in the
future.
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1.	Introduction		
1.1.	Background		Mental	 disorders	 are	 characterized	 by	 a	 combination	 of	 abnormal	 cognitive,	 affective,	perceptive,	 behavioural	 and	 inter-social	 functions	 and	 are	 associated	 with	 relevant	functional	 disability	 and	 mortality	 (1).	 According	 to	 the	 World	 Health	 Organization	(WHO),	 the	 burden	 of	 mental	 disorders	 continues	 to	 grow	 worldwide,	 causing	tremendous	 implications	 for	 global	 health	 as	 well	 as	 major	 social,	 human	 rights	 and	economic	consequences	(2).		With	around	23%	of	all	years	lost	due	to	disability,	mental	disorders	 are	 the	 leading	 cause	 of	 disability	 worldwide	 (3).	 Furthermore,	 mental	disorders	 represent	 an	 important	 risk	 factor	 for	 other	 diseases,	 unintentional	 and	intentional	 injury	 and	 are	 commonly	 associated	 with	 stigma	 and	 discrimination,	preventing	affected	 individuals	 to	seek	mental	health	care	(4).	Historically,	 this	stigma	stems	 mainly	 from	 the	 fact	 that	 until	 recently,	 an	 association	 between	 psychiatric	disorders	and	neurobiological	aspects	was	insufficiently	possible,	further	nourishing	the	concept	of	mind-body-dualism	throughout	our	society	and	–	although	to	a	much	lesser	extent	-	even	within	the	field	of	academic	psychiatry.	Despite	intensive	efforts	to	elucidate	the	causes	of	mental	disorders	at	a	biological	level	and	to	infer	on	potential	targets	for	treatment,	the	neurobiology	of	mental	disorders	still	remains	not	sufficiently	understood.		
1.2.	Motivation		In	contrast	to	other	medical	disciplines,	professionals	working	in	the	field	of	psychiatry	face	 the	 unique	 challenge	 to	 perform	 diagnostics,	 clinical	 decision-making,	 treatment	monitoring	as	well	as	the	assessment	of	treatment	success	or	failure	mainly	based	on	their	clinical	observations	of	patients’	individual	behaviour	(5).	This	issue	is	largely	owed	by	the	absence	of	established	biological	measures	(i.e.	biomarkers),	which	might	yield	the	potential	 to	 provide	 guidance	 for	 clinicians,	 patients	 and	 their	 supporters	 (6).	Furthermore,	the	lack	of	measurable	and/or	quantifiable	biomarkers,	which	historically	separated	 psychiatric	 from	 neurologic	 disorders,	 strongly	 contributed	 not	 only	 to	 a	certain	 stigmatization	of	 affected	 individuals,	 but	 also	 to	 the	phenomenon	 that	 until	 a	quarter	century	ago,	the	sheer	idea	of	examining	the	human	brain	as	a	means	to	unravel	
	 -	3	-	
the	mysterious	nature	of	psychiatric	 illness	was	regarded	as	obscure	and	 treated	with	derision,	even	within	mainstream	psychiatry	(7).			Correspondingly	and	in	accordance	with	their	historic	origin,	our	current	classification	systems	still	define	mental	illness	based	on	nosological	clusters	of	symptoms	rather	than	underlying	pathology	 (8).	However,	 according	 to	 new	 research,	mental	 disorders	may	rather	represent	a	behaviourally	perceptible	common	final	pathway	of	various	disorders	with	distinct	underlying	pathophysiologies	(9).	Nevertheless,	despite	wide	recognition	of	this	 notion,	 the	 diagnostic	 process	 remains	 entrenched	 in	 the	 concept	 of	 categorical	classifications,	and	succeeding	treatment	selection	relies	predominantly	on	a	trial-and-error	 process	 (10).	 To	 address	 this	 problem,	 the	 National	 Institute	 of	 Mental	 Health	proposed	 with	 the	 Research	 Domain	 Criteria	 (RDoC)	 project	 a	 framework	 for	 trans-dimensional	classification	systems	that	transcend	traditional	diagnostic	categories	(11).	The	RDoC	project	 aspired	 to	 identify	 specific	 behaviours	 and	 their	distinct	underlying	neural	 circuits	 (12).	 Those	 features	 are	 referred	 to	 as	 “endophenotypes”	 and	 are	suggested	to	represent	a	better	fit	for	the	complex	interaction	between	neurobiology	and	environment	compared	to	current	diagnostic	classifications	(13).			Historically,	 clinical	neuroscience	was	divided	between	 the	 concept	of	 localism,	which	stems	from	classical	lesion	studies	and	perceives	the	brain	as	a	set	of	discrete	processing	modules,	 and	 the	 concept	 of	 processing	 distribution,	 which	 stems	 from	 theories	 of	equipotentiality	 and	 postulates	 a	 complete	 distribution	 of	 neurocognitive	 functions	throughout	the	brain	(14).	With	the	rise	of	modern	neuroimaging	and	the	novel	possibility	to	 investigate	 the	 connectome	 (i.e.	 comprehensive	 map	 of	 neural	 connections	 in	 the	brain),	the	newly	described	dynamic	spatiotemporal	models	provided	a	framework	that	reconciled	these	two	concepts	and	may	serve	to	unravel	sensitive	biomarkers	for	mental	disorders	as	proposed	within	the	RDoC	project	(15).	In	the	healthy	brain,	network	nodes	(i.e.	 distinct	 brain	 regions)	 serve	 as	 elements	 within	 highly	 interactive	 networks	responsible	 for	 processing	 a	 wide	 variety	 of	 cognitive,	 emotional	 and	 behavioural	processes	(16).	While	some	nodes	are	specialized	in	mediating	locally	specific	processes	(such	 as	 the	primary	motor	 cortex),	 other	nodes	 are	 rather	mediating	 global	 network	activities	(such	as	the	anterior	insular	cortex	/	anterior	cingulate	cortex,	which	mediate	the	switching	between	self-referential,	internally	oriented	and	goal-oriented,	externally	oriented	brain	networks)	(17).		
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	The	 detection	 and	 investigation	 of	 such	 large-scale	 brain	 networks	 associated	 with	distinct	neurocognitive	functions	is	of	utmost	interest	with	respect	to	our	understanding	of	the	neurobiological	underpinnings	of	mental	disorders.	In	addition,	such	biomarkers	may	not	 only	 serve	 as	 symptom/syndrome/disease-specific	 biomarkers	 that	might	 be	included	 in	 the	 diagnostic	 process,	 but	 may	 also	 be	 used	 for	 risk	 identification	 or	prediction	of	treatment	response	in	a	trans-diagnostic	fashion	within	the	framework	of	personalized	medicine,	analogous	to	what	is	done	today	routinely	in	other	areas	of	clinical	medicine,	such	as	oncology	(18).				
1.3.	Theoretical	and	methodological	considerations		Due	 to	 constant	 methodological	 advances	 over	 the	 last	 quarter	 century,	 modern	neuroimaging	 enabled	 the	 investigation	 of	 large-scale	 neuronal	 networks	 and	transformed	the	 field	of	neuroscience.	 	The	 functional	 imaging	revolution	began	 in	the	1980s,	when	first	research	and	medical	centres	came	to	use	a	new	method	called	positron	emission	tomography	(PET)	to	detect	and	quantify	regional	cerebral	metabolism	using	radiolabelled	glucose	(18-fluorodeoxyglucose;	FDG-PET)	or	regional	cerebral	blood	flow	(rCBF)	using	 radiolabelled	oxygen	 (H2-15-O-PET).	The	 scientific	outputs	derived	 from	these	approaches	provided	primarily	 resting-state	 investigations	with	 an	emphasis	on	physiological	quantification	of	blood	 flow	and	metabolism,	providing	our	 first	 insights	into	 neural	 circuit	 dysfunction	 associated	 with	 mental	 disorders	 or	syndromes/symptoms	in	a	regionally	specific	fashion	(5).	Using	specific	tracers,	such	as	thioflavine-T-derivate	[11C]6-OH-BTA-1	(Pittsburgh	Compound-B,	PiB),	whose	binding	is	dominated	by	the	amyloid	component,	and	not	by	other	aspects,	such	as	Tau-pathology,	PET	can	also	be	used	to	measure	amyloid	plaque	deposition	in	vivo	in	neurodegenerative	disorders,	such	as	Alzheimer’s	disease	(19).		Around	the	same	time,	magnetic	resonance	imaging	(MRI),	a	method	that	proved	pivotal	in	shaping	the	landscape	of	today’s	neuroimaging,	was	introduced	(20).	In	general,	MRI	exploits	the	interaction	between	biological	tissue,	static/dynamic	electromagnetic	fields	and	radiofrequency	(RF)	pulses	 to	generate	and	detect	signals.	The	measured	signal	 is	recorded	 in	 a	 temporary	 image	 space	 referred	 to	 as	 k-space,	where	 each	 point	 of	 the	
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resulting	matrix	encodes	specific	frequency,	phase	and	signal	intensity	information	(21).	Inverse	Fourier	transformation	is	performed,	resulting	in	the	final	image	of	the	measured	biological	 tissue	 (22).	 Although	 this	 method	 provided	 the	 possibility	 to	 depict	 high-resolution	 anatomical	 brain	 images	 of	 patients	with	mental	 disorders	 in	 vivo	without	using	radiation	for	the	first	time,	the	temporal	resolution	of	this	technique	was	still	not	sufficient	 to	 reliably	 detect	 and	 analyse	 neurophysiological	 signals,	 which	 would	 be	necessary	to	infer	on	the	functional	neuronal	circuitry.			Echo	 planar	 imaging	 (EPI),	 a	 very	 fast	 magnetic	 resonance	 (MR)	 imaging	 technique	capable	 of	 acquiring	 an	 entire	 MR	 image	 in	 only	 a	 fraction	 of	 a	 second,	 fulfils	 this	requirement	by	using	an	intricate	train	of	gradient	echoes	for	spatial	encoding	(23).	In	particular,	EPI	pulse	sequences	acquire	multiple	lines	of	imaging	data	within	the	k-space	after	 one	 single	 RF	 excitation.	 The	 development	 and	 wide	 implementation	 of	 this	technique	 around	 the	 1990s	 set	 the	 stage	 for	 two	 EPI-based	 applications,	 which	 are	crucial	 for	modern	neuroimaging	 and	 reshaped	 the	 landscape	 of	 psychiatric	 research:	functional	MRI	(fMRI)	and	diffusion	weighted	MRI	(DWI)	(24).		Functional	Magnetic	resonance	imaging	(fMRI)	represents	one	application	method	of	EPI	and	can	be	applied	to	 infer	on	mental	activity	under	physiological	and/or	pathological	conditions	by	exploiting	the	interrelation	between	physiological	processes,	metabolism	and	 blood	 supply	 (25).	 In	 general,	 neuronal	 activation	 is	 associated	 with	 changes	 in	cerebral	 blood	 flow	 (CBF),	 cerebral	 blood	 volume	 (CBV),	 cerebral	 blood	 oxygenation	(CBO2)	and	cerebral	metabolism	(26,	27).	According	to	suggested	models,	signalling	in	neurons	and	astrocytes	trigger	the	hemodynamic	response	(HR),	i.e.	vasoactive	cascades	to	 arterioles	 and	 capillaries,	 resulting	 in	 dilatation	 of	 upstream	 arterial	 vessels	 and	 a	consecutive	 increase	 in	 CBF.	 Since	 CBF	 increases	 to	 a	 relatively	 larger	 extent	 that	 the	cerebral	metabolic	 rate	 of	 oxygen	 utilization	 (CMRO2),	 the	 ratio	 between	 oxygenated	hemoglobin	(O2-Hb)	and	deoxygenated	hemoglobin	(dO2-Hb)	increases	in	relation	to	the	baseline	state	(28).	Due	to	different	magnetic	properties	of	O2-Hb	and	dO2-Hb,	a	signal	decay	can	be	measured	when	performing	gradient-echo	EPI	sequences,	which	is	referred	to	 as	 blood	 oxygenated	 level-dependent	 (BOLD)	 signal	 (29,	 30).	 This	 signal	 can	subsequently	be	used	 in	a	great	variety	of	ways	to	 infer	on	the	sought-after	 functional	architecture	of	the	human	brain,	including	statistical	analyses	of	brain	activation	patterns	during	 specific	 tasks	 or	 even	 during	 rest,	 where	 synchronous	 co-activity	 between	
	 -	6	-	
different	brain	regions	 is	 regarded	as	a	marker	 for	 functional	connectivity	 (FC)	within	distinct	intrinsic	connectivity	networks	(ICN)	(31).		To	measure	brain	activity	associated	with	discrete	 states	 of	mind	 is	 one	of	 the	 greatest	 aims	of	 cognitive	neuroscience	 (7).	When	 performed	 with	 sufficient	 temporal	 resolution,	 differences	 in	 spatiotemporal	properties	of	the	connectome	can	provide	insight	 into	transient	or	dynamic	states	that	may	 relate	 to	 internal	 states	 of	 mind	 (32).	 In	 contrast,	 resting-state	 fMRI,	 which	 is	assessed	over	a	continous	duration	of	time,	provides	insights	regarding	the	connectome	properties	 during	 steady-state,	 which	 might	 improve	 our	 understanding	 regarding	certain	 neurobiological	 traits	 distinguishing	 health	 from	 disease	 (33).	 Therefore,	application	of	this	technique	can	be	used	to	detect	and	analyse	specific	brain	networks	in	such	a	way	 that	 findings	may	contribute	 to	our	understanding	of	 the	observed	clinical	phenomenology,	course	of	disease	and	possibly	even	treatment	response	(34).		Another	application	method	of	EPI	sequences	is	diffusion	weighted	imaging	(DWI),	which	detects	 the	 degree	 of	 thermally	 driven	 Brownian	motion	 of	molecules	 in	 fluids	 along	specific	 directions	 to	 infer	 on	 different	 properties	 of	 neuronal	 microstructure	 (35).	Diffusion	 tensor	 imaging	 (DTI),	 which	 is	 based	 on	 DWI,	 derives	 estimates	 of	 water	diffusion	in	a	specific	tissue	using	voxel-wise	calculations	of	tissue	fiber	orientation	on	the	basis	of	tensor	as	a	3-dimensional	ellipsoid	model	(36).		The	quantitative	degree	of	water	diffusion	 anisotropy	 can	 be	 described	 by	 the	 fractional	 anisotropy	 (FA),	 which	 can	provide	 a	 characterization	 of	 the	 investigated	white	matter	 (for	 instance,	 reduced	 FA	values	were	observed	in	peripheral	nerves	under	abnormal	conditions	associated	with	Wallerian	degeneration	(37)).	Using	fiber	tractography,	aforementioned	data	can	be	used	to	determine	the	course	as	well	as	various	properties	of	axonal	structures	within	the	brain	to	infer	on	the	underlying	structural	connectome,	both	in	health	and	mental	disorder	(38).	However,	 it	 is	 to	note	that	performing	DTI	/	 fiber	tractography	in	the	brain	still	yields	several	challenges	due	to	considerable	limitations	of	the	aforementioned	tensor	model	in	brain	 tissue,	which	 are	mainly	 explained	 by	 the	 incapability	 of	 currently	widely	 used	DWI/DTI	pulse	sequences	and/or	tensor	models	to	truthfully	assess	axonal	structures	in	the	presence	of	complex	axonal	geometries,	which	are	frequent	in	the	human	brain	(39).		For	instance,	while	in	peripheral	nerves,	where	bundles	of	axons	run	in	parallel	 in	one	principal	direction	and	the	nerve	surrounding	myelin	sheaths	limit	the	diffusion	of	water	molecules	in	perpendicular	directions	(37),	performing	DTI	in	the	brain	still	yields	several	challenges	due	to	considerable	limitations	of	the	aforementioned	tensor	model	in	brain	
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tissue,	which	consists	largely	of	regions	characterized	by	complex	axonal		geometries	that	might	 confound	 calculated	 results.	 Given	 this	 observation,	 the	 design	 of	 new	 pulse	sequences	 (with	 increased	 performance,	 such	 as	 increased	 acquisition	 speed	 	 (40)	 or	spatial	resolution	(35)),	novel	analysis	methods	(with	a	greater	sensitivity	towards	the	representation	of	underlying	axonal	structures,	such	as	 the	calculation	of	 fiber	density	(FD)	(41))	or	both	are	mandatory	in	addition	to	hardware-optimization	(42–44)	in	order	to	reliably	investigate	the	structural	connectome	of	the	human	brain	in	future	studies.		
1.4.	Own	work	and	motivation	of	the	current	habilitation	thesis.		Less	than	25	years	since	its	inception,	the	field	of	neuroimaging,	using	fMRI	and	DTI,	has	reached	a	high	level	of	maturity	and	methodological	sophistication.	Nevertheless,	many	questions	regarding	the	functional	architecture	of	the	human	brain	remain	elusive,	while	methodological	challenges	are	still	hampering	our	scientific	progress.	During	my	research	career,	I	have	had	the	opportunity	to	work	within	two	main	domains	equally	relevant	for	modern	Neuroimaging:		I	applied	EPI-based	BOLD	fMRI	to	assess	novel	trans-diagnostic	properties	of	 the	connectome	 in	mental	disorders	and	conceptualized	novel	EPI-based	DWI/DTI	techniques,	which	I	successfully	validated	in	peripheral	nerves.		Accordingly,	the	six	articles	selected	for	this	habilitation	thesis	address	different	aspects	of	 echo	planar	 imaging	 pulse	 sequences	 in	magnetic	 resonance	 neuroimaging	with	 an	emphasis	 on	 two	 main	 aspects:	 	 First,	 the	 application	 of	 EPI	 BOLD	 fMRI	 in	 clinical	populations	with	mental	disorders	with	a	focus	on	the	correlation	between	the	functional	connectome,	 symptoms/behaviour,	 clinical	 disease	 course	 and/or	 neuropathology.	Second,	the	conceptualization	and	validation	of	novel	EPI	DWI/DTI	sequences,	which	aim	to	optimize	the	performance	of	applied	diffusion	pulse	sequences	for	neuroimaging.			 	
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2.	Summary	of	included	papers		
Article	1:	„Reduced	functional	connectivity	between	putamen	and	right	anterior	 insula	in	
psychotic	patients	with	schizophrenia“,	British	Journal	of	Psychiatry,	2017.	(IF	=	6.347)		Schizophrenia	 is	 characterized	 by	 striatal	 dopaminergic	 dysfunction	 and	 aberrant	subcortical	connectivity.	During	psychosis,	which	is	characterized	by	positive	symptoms	such	 as	 delusions	 or	 hallucinations,	 connectivity	 is	 altered	within	 the	dorsal	 striatum,	while	 during	 remission,	 which	might	 be	 accompanied	 by	 negative	 symptoms	 such	 as	anhedonia	 or	 apathy,	 connectivity	 is	 altered	 within	 the	 ventral	 striatum	 (45).	Furthermore,	functional	connectivity	within	and	between	core	cortical	brain	networks,	including	 the	 Default-Mode-Network	 (DMN),	 Salience	 Network	 (SN)	 and	 Central	Executive	Network	(CEN)	are	altered	in	individuals	with	schizophrenia	during	psychosis	and	remission	(31,	46).	However,	a	potential	interaction	between	these	findings	has	not	been	found	to	date.	In	this	work,	we	hypothesized	that	the	functional	connectivity	of	the	putamen	 shows	 aberrant	 distinctiveness	 with	 respect	 to	 cortical	 regions.	 To	 test	 this	hypothesis,	 we	 acquired	 resting-state	 fMRI	 images	 using	 a	 gradient-echo	 EPI	 in	 21	patients	 with	 schizophrenia	 during	 psychosis	 and	 a	 control	 group	 of	 42	 healthy	individuals.	 To	 assess	 intrinsic	 functional	 connectivity,	 we	 performed	 seed-based	connectivity	 analysis	 on	 the	 preprocessed	 data.	 We	 found	 that	 patients	 showed	 a	decreased	 functional	 connectivity	between	 the	putamen	and	 the	 right	 anterior	 insular	cortex,	the	putamen	and	the	dorsal	prefrontal	cortex	and	the	ventral	striatum	and	the	left	anterior	insular	cortex.	Furthermore,	the	connectivity	between	the	putamen	and	the	right	anterior	insular	cortex	correlated	with	the	severity	of	hallucinations,	even	after	correcting	for	 possible	 confounders,	 such	 as	 age,	 gender	 or	 the	 amount	 of	 antipsychotic	(antidopaminergic)	medication.	These	results	demonstrate	aberrant	subcortical-cortical	connectivity	between	the	striatum	and	important	cortical	structures,	which	are	involved	in	the	mediation	of	context-dependent	switching	between	brain	networks	mediating	self-referential	and	goal-oriented	behaviour	in	patients	with	schizophrenia.	Most	importantly,	our	 results	 provide	 further	 evidence	 for	 the	 “aberrant	 salience	 hypothesis”	 of	schizophrenia,	 which	 might	 have	 implications	 regarding	 the	 future	 development	 of	targeted	therapies	(47).		 	
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Article	2:	 „Aberrant	 topology	of	 striatum´s	 connectivity	 is	associated	with	 the	number	of	
episodes	in	depression“,	Brain,	2014.	(IF	=	10.292)		With	a	lifetime	prevalence	of	16%	major	depressive	disorder	(MDD)	is	one	of	the	most	frequent	psychiatric	disorders	(48).	In	35–85%	of	cases	the	course	of	MDD	contains	the	recurrence	of	depressive	episodes,	whereas	the	number	of	depressive	episodes	is	one	of	the	most	important	predictors	for	relapse	(49).	However,	our	understanding	regarding	neuronal	mechanisms	contributing	 to	relapse	 is	 still	 incomplete.	Since	recent	research	provided	 evidence	 that	 aberrant	 connectivity	 (50)	 and	 altered	 topological	 network	properties	of	brain	networks,	 such	as	modularity	 (i.e.	 the	organization	of	 regions	with	increased	 functional	 connectivity	 within	 the	 respective	modules)	might	 be	 associated	with	 disease	 load	 (51),	 we	 hypothesized	 that	 aberrant	 topological	 characteristics	 of	neural	networks	might	be	associated	with	the	course	of	disease	in	MDD.	To	investigate	this	 hypothesis,	we	 acquired	 resting-state	 fMRI	 data	 in	 25	 patients	with	MDD	 and	 25	controls.	 Based	 on	 the	 acquired	 data,	 we	 performed	 wavelet-transformation	 to	decompose	the	residual	regional	time	series	in	distinct	frequency	scales	and	calculated	wavelet-correlation	matrices	for	the	frequency	scale	in	the	range	of	0.060-0.125Hz	across	different	brain	regions,	resulting	in	a	connectivity	matrix	representing	individual	whole	brain	functional	connectivity	for	each	subject,	respectively.	Subsequently,	we	performed	a	graph-based	analysis,	which	yielded	distinct	outcome	measures	as	surrogate	of	intrinsic	network	topology,	including	global	topological	properties	of	path	length,	global	efficiency	and	global	betweeness-centrality	(reflecting	functional	integration)	as	well	as	clustering	coefficient	 and	 small-worldness	 (reflecting	 functional	 segregation	 and	 it’s	 relation	 to	functional	integration).	In	general,	we	found	that	for	patients	with	MDD,	global	efficiency	was	 reduced	 and	 global	 betweenness-centrality	 was	 increased,	 while	 small-world	topology	was	preserved.	Furthermore,	aberrant	nodal	efficiency	and	centrality	of	regional	connectivity	was	found	in	the	dorsal	striatum,	inferior	frontal	and	orbitofrontal	cortex.	Inferior	 frontal	 alterations	 were	 associated	 with	 current	 symptoms,	 while	 aberrant	network	topology	of	the	right	putamen	was	associated	with	the	number	of	episodes,	even	when	controlling	for	grey	matter	volume,	medication	and	total	disease	duration.	These	results	provide	 first	evidence	 that	aberrant	subcortical	network	topology	 is	associated	with	the	course	of	disease	and	contributes	to	relapse	risk	in	MDD,	which	might	contribute	to	future	developments	for	predicting	the	course	of	disease.	 	
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Article	3:	„Disrupted	intrinsic	networks	link	Amyloid-beta	Pathology	and	Impaired	Cognition	
in	Prodromal	Alzheimer´s	Disease“,	Cerebral	Cortex,	2015.	(IF	=	6.559)		Contributing	to	around	60%	of	cases,	Alzheimer’s	disease	(AD)	is	the	most	frequent	cause	auf	dementia	(52).	AD	 is	 inter	alia	characterized	by	 impaired	cognition	and	Amyloid-β	pathology	 (Aβ),	 but	 the	mechanisms	 linking	 these	 two	 observations	 are	 still	 not	 fully	understood.	Recent	studies	showed	that	in	patients	with	AD,	intrinsic	brain	networks	are	altered,	affected	by	Aβ	pathology	and	involved	in	aberrant	information	processing	(53).	Therefore,	we	hypothesized	in	this	work,	that	regional	changes	of	distinct	brain	networks,	which	 persist	 during	 rest	 and	 cognitive	 tasks,	 might	 link	 Aβ	 with	 aberrant	 cognitive	performance	 in	AD.	To	 test	 this	hypothesis,	we	assessed	patients	with	pro-dromal	AD	(pAD;	i.e.,	with	mild	cognitive	impairment	and	biological	signs	of	AD)	and	healthy	older	adults	 by	 resting-state	 functional	 MRI	 (rs-fMRI)	 to	 identify	 intrinsic	 connectivity	networks,	task-fMRI	(during	an	attention-demanding	task	with	different	difficulty	levels)	to	 reveal	network-relevant	changes	 in	consistent	 for	attention-relevant	 task-	and	rest-states,	positron	emission	 tomography	(PET)	 imaging	using	 the	 tracer	 [11C]-Pittsburgh	compound	B	(PiB,	a	radioactive	analog	of	thioflavin	T,	which	is	a	selective	marker	for	Aβ-plaques	 in	neuronal	 tissue)	 to	 estimate	Aβ-pathology	 load	 via	PiB-uptake	 in	 vivo,	 and	neuro-psychological	assessment	to	estimate	general	cognitive	performance.	Independent	component	analysis	(ICA)	of	fMRI	data	was	used	to	quantify	the	networks’	connectivity	pattern	during	rest	and	task	and	correlated	with	Aβ-load	as	well	as	behavioural	data.	We	found	that	compared	to	healthy	controls,	patients	with	pAD	showed	reduced	functional	connectivity	during	rest	as	well	as	increased	functional	connectivity	during	the	attention-demanding	 task	 in	 the	 medial	 parietal	 cortex	 within	 the	 Default-Mode-Network.	Furthermore,	 functional	connectivity	 in	this	region	was	associated	with	the	severity	of	patients’	 cognitive	 impairment	 and	 local	 PiB-uptake.	 In	 addition,	 similar	 results	 were	found	within	the	right	lateral	parietal	region	of	an	attentional	network.	Lastly,	structural	equation	 modelling	 demonstrated	 a	 direct	 influence	 of	 the	 resting-state	 functional	connectivity	 within	 the	 DMN	 on	 the	 association	 between	 Aβ-pathology	 and	 cognitive	impairment.	These	results	provide	evidence	that	disrupted	intrinsic	network	connectivity	links	Aβ-pathology	with	cognitive	impairment	in	early	AD,	which	extends	our	knowledge	about	AD	and	might	contribute	to	the	development	of	methods	for	disease	detection	and	monitoring	in	(prodromal)	AD.	
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Article	4:		"Evaluation	of	reproducibility	of	diffusion	tensor	imaging	in	the	brachial	plexus	at	
3.0	Tesla",	Investigative	Radiology,	2017.		(IF	=	5.195)		Due	to	the	capability	to	provide	insights	into	neuronal	microstructure,	DWI	/	DTI	have	not	 only	 been	 used	 to	 assess	 structural	 connectivity	 in	 the	 human	 brain,	 but	 also	 to	visualize	 and	 assess	 the	 structural	 integrity	 of	 neuronal	 structures	 in	 general.	 For	instance,	DTI	can	be	used	to	quantitatively	assess	distinct	properties	of	peripheral	nerves	or	 nerve	 roots	 (35).	 In	 general,	 DWI/DTI,	 particularly	 fiber	 tractography	 in	 neuronal	tissue	proves	to	be	methodological	challenging	due	to	many	aspects,	including	the	small	size	 of	 the	 target	 structures	 (and	 subsequent	 lower	 signal-to-noise	 ratio	 (SNR)),	susceptibility	 to	 partial	 volume	 effects	 and	 increased	 distortion	 effects	 caused	 by	 the	heterogeneous	nature	of	the	anatomical	surroundings.	Furthermore,	EPI	quality	suffers	from	the	presence	of	residual	fat	signal	as	well	as	from	local	B0	field	inhomogeneities	due	to	 its	 intrinsically	 low	 bandwidth	 along	 the	 phase-encoding	 direction.	 Until	 recently,	established	shim	procedures	 (i.e.	procedures	aiming	 to	homogenize	 the	B0	 field)	used	single,	static	settings	of	first	(or	high-order)	shim	fields	according	to	average	optimization	criteria	throughout	the	complete	measurement	for	all	acquired	image	slices.	In	this	study,	we	aimed	to	test	the	feasibility	of	DWI/DTI	applying	a	novel	EPI	pulse	sequence	prototype	supporting	 localized,	 slice-specific	 shim	optimizations	 through	switching	shim	settings	synchronously	with	 the	 acquisition	 of	 each	 slice.	 To	 test	 and	 validate	 the	 data	 quality	achieved	 with	 slice-specific	 shimming,	 we	 investigated	 the	 reproducibility	 of	 DTI	parameter	 measurements,	 more	 particularly	 fractional	 anisotropy	 (FA)	 and	 mean	diffusivity	(MD)	values	in	the	nerve	roots	of	the	brachial	plexus	(C5	to	T1)	by	scanning	ten	healthy	 volunteers	 twice.	 The	 DTI	 scans	were	 performed	with	 b-values	 of	 0	 and	 800	s/mm2	in	30	gradient	directions.	After	the	first	scan,	the	scan	was	repeated	a	second	time	using	 identical	scan	parameters	 for	each	subject	on	 the	same	day	 in	 the	same	scanner	(including	 repositioning	 of	 the	 volunteer,	 coil	 replacement	 and	 acquisition	 of	 new	localizer	scans).	All	datasets	were	analyzed	by	2	independent	readers.	Intra-reader,	inter-reader	and	test-retest	showed	excellent	reproducibility	of	FA	and	MD	values	in	almost	all	levels	of	the	trunks	of	the	brachial	plexus.	These	results	demonstrated,	that	slice-specific	shimming	 represents	 a	 promising	 approach	 to	 increase	 EPI-acquired	 DWI/DTI	 data	quality	and	reproducibility	in	the	future,	which	could	also	be	used	to	investigate	neuronal	tissue	in	the	brain,	particularly	with	respect	to	a	wide	range	of	neuropsychiatric	diseases.	
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Article	5:	„MR	neurographic	orthopantomogram:	Ultra-short	echo-time	(UTE)	imaging	of	
the	 mandibular	 bone	 and	 teeth	 complemented	 with	 high-resolution	 morphological	 and	
functional	MR	neurography“,	Journal	of	Magnetic	Resonance	Imaging,	2016.	(IF	=	3.083)		Compared	to	the	brachial	plexus,	DWI/DTI	imaging	of	cranial	nerves	and	their	branches,	such	 as	 the	 inferior	 alveolar	 nerve	 (IAN),	 which	 is	 a	 branch	 of	 the	mandibular	 nerve	(which	 itself	 is	 a	 branch	 of	 the	 trigeminal	 nerve)	 can	 be	 considered	 as	 even	 more	challenging.	For	 instance,	such	structures	are	very	small,	which	requires	a	high	spatial	resolution.	 Furthremore,	 structural	 inhomogeneities	 as	 the	 oral	 cavity	 induce	massive	susceptibility	artifacts.	Normal	EPI	pulse	sequences	use	whole	k-space	sampling	following	a	 single	 excitation,	 resulting	 in	 longer	 echo-times	 and	 thus	 increased	 susceptibility	 to	artifacts	 due	 to	 spin	 dephasing.	 In	 contrast,	 a	 novel	 method	 referred	 to	 as	 readout	segmented	EPI	(rs-EPI)	uses	multiple	excitations	with	segmented	k-space	acquisitions	in	readout	direction,	which	allows	a	considerable	shortening	of	the	echo-spacing/echo	time	which	subsequently	results	in	reduced	susceptibility	artifacts	and	T2-blurring	but	comes	at	 the	 cost	 of	 longer	 acquisition	 times.	 In	 this	 work,	 we	 evaluated	 the	 feasibility	 of	performing	 DTI	 imaging	 of	 the	 IAN	 in	 10	 healthy	 volunteers	 using	 a	 simultaneous	multislice	 (SMS)	 acceleration	 technique	 for	 rs-EPI	 and	 correlated	 the	 results	 with	selective	 structural	 imaging	 of	 the	 IAN	 by	 performing	 a	 steady-state	 precession	 pulse	sequence	with	inherent	vascular	signal	suppression	(3D-PSIF)	in	addition	to	a	standard	sequences	 for	 neural	 tissue	 characterization	 (Sampling	 Perfection	 with	 Application	optimized	Contrasts	using	different	flip	angle	evolution	with	short	tau	inversion	recovery	(3D	T2W	SPACE	STIR))	as	well	as	an	ultra-short	echo	time	sequence	(pointwise	Encoding	Time	reduction	with	radial	acquisition,	3D-PETRA)	for	imaging	the	cortical	bone	and	thus	the	mandibular	canal.	Merging	morphological	and	functional	 images	resulted	in	an	MR	neurographic	 orthopantomogram	 without	 artifacts.	 DTI-based	 fiber	 tractography	revealed	physiological	quantitative	DTI	values	for	the	bilateral	IAN,	including	FA	and	MD.	The	demonstrated	technique	provides	evidence	for	the	feasibility	of	robust	EPI-based	DTI	even	 in	 small	 neuronal	 structures,	 which	 –	 together	 with	 additional	 structural	 data	derived	from	other	pulse	sequences,	can	be	used	to	perform	a	comprehensive	assessment	of	neural	microarchitecture	and	its	surroundings.	This	method	might	be	of	high	interest	in	 order	 to	 truthfully	 delineate	 axonal	 structures	 in	 the	 presence	 of	 complex	 axonal	geometries,	which	are	common	in	the	human	brain	(39).			
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Article	6:	"Simultaneous	multislice-readout	segmented	echo	planar	imaging	for	accelerated	
diffusion	tensor	imaging	of	the	mandibular	nerve	:	A	feasibility	study",	Journal	of	Magnetic	
Resonance	Imaging,	2017.	(IF	=	3.083)		As	 discussed	 above,	 readout	 segmented	 EPI	 (rs-EPI)	 sequences	 divide	 the	 k-space	trajectory	into	multiple	segments	in	the	readout	direction,	which	allows	for	an	encoding-time	reduction	and	therefore	a	greater	robustness	regarding	susceptibility	artifacts	(35).	However,	this	technique	comes	at	the	cost	of	increased	scan	time,	since	every	segment	in	k-space	 requires	a	 separate	 radiofrequency	pulse	 (54).	The	 technique	of	 simultaneous	multislice	(SMS)	acquisition	with	blipped	controlled	aliasing	in	parallel	imaging	(blipped-CAIPI)	represents	a	novel	approach	to	reduce	scantime	for	rs-EPI.	In	the	current	study,	we	investigated	whether	the	combination	of	rs-EPI	and	SMS	with	blipped-CAIPI	provides	a	robust	acquisition	of	DWI/DTI	data	of	the	IAN,	even	when	increasing	the	accelerations	to	higher	 factors,	 such	as	 a	 three-fold	 acceleration.	To	 test	 the	 feasibility	of	 this	novel	technique,	 we	 performed	 DTI-based	 fiber	 tractography	 of	 the	 IAN	 in	 eight	 healthy	volunteers.	We	 assessed	 signal-to-noise	 ratio	 (SNR),	 FA,	MD	 as	well	 as	 the	 number	 of	calculated	 tracts.	 Artifacts	 were	 evaluated	 qualitatively	 on	 Likert	 scales.	 To	 avoid	individual	bias,	all	analyses	were	performed	by	two	independent	readers.	In	order	to	test	for	potential	signal	loss	due	to	movement,	which	occurs	more	frequently	in	patients,	we	additionally	tested	the	clinical	feasibility	of	accelerated	rs-EPI	in	four	patients	with	pain	symptoms	or	incidental	findings.	In	contrast	to	conventional	rs-EPI,	two-fold	accelerated	rs-EPI	 yielded	 similar	 SNR,	 FA	and	MD	values	 as	well	 as	 similar	number	of	 calculated	tracts.	In	contrast,	fiber	tractography	based	on	three-fold	accelerated	rs-EPI	yielded	lower	SNR,	MD	and	decreased	number	of	calculated	tracts.	Likewise,	two-fold	accelerated	rs-EPI	sequences	did	not	result	in	increased	artifacts,	while	three-fold	accelerated	rs-EPI	yielded	stronger	artifacts	and	lower	overall	image	quality	compared	to	conventional	and	two-fold	accelerated	rs-EPI.	These	results	illustrate	that	the	application	of	intricate	techniques	to	increase	acquisition	speed	for	DTI	is	feasible	and	might	either	contribute	to	an	increased	acquisition	 time	 in	 diffusion	 imaging,	 which	 might	 be	 of	 particular	 interest	 for	neuroimaging	 in	 populations	 with	 mental	 disorders,	 since	 participants	 with	 severe	mental	illness	usually	experience	difficulties	during	scans	of	long	duration.	This	notion	is	further	supported	by	the	successful	test	of	this	technique	in	patients	with	chronic	and/or	fulminant	pain	symptoms.		
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3.	Conclusion	and	personal	outlook		The	 articles	 of	 the	 current	 habilitation	 thesis	 illuminated	 various	 aspects	 of	magnetic	resonance	 echo	 planar	 neuroimaging,	 ranging	 from	 the	 application	 of	 established	methods	to	 investigate	the	neurobiology	underlying	mental	disorders	to	the	validation	and	optimization	of	methodological	developments	to	enhance	the	performance	of	current	neuroimaging	methods.			Using	 EPI	 fMRI,	 we	 assessed	 neuroimaging-derived	 biomarkers	 in	 terms	 of	 aberrant	subcortical-cortical	 functional	 connectivity	 in	patients	with	 schizophrenia,	 described	 a	functional	biomarker	associated	with	the	course	of	disease	in	patients	with	MDD	based	on	 graph-theoretical	 analysis	 of	 neuroimaging	 data	 and	 demonstrated	 the	 intricate	interaction	 between	 brain	 activity	 during	 rest,	 brain	 activity	 during	 task,	 cognitive	performance	and	neuropathological	disease	load	as	measured	with	PiB-PET	in	patients	with	prodromal	AD.	In	addition,	we	validated	the	reproducibility	of	a	novel	EPI	DWI/DTI	approach	with	optimized	slice-wise	shimming,	tested	the	feasibility	and	performance	of	DTI	in	fine	neuronal	structures	applying	a	novel	readout	segmented	EPI	and	evaluated,	to	which	extent	the	acquisition	can	be	accelerated	without	impeding	the	data	quality	given	the	application	of	simultaneous	multislice	excitation	technique	for	readout	segmented	EPI	pulse	sequences.	All	these	techniques	might	contribute	to	improving	diffusion	imaging	in	clinical	populations.		The	main	purpose	of	the	presented	research	was	two-fold:	On	the	one	hand	to	ask	and	answer	novel	questions	regarding	the	large-scale	neurocircuitry	in	patients	with	mental	disorders	using	established,	robust	and	reliable	methods,	such	as	fMRI.	On	the	other	hand,	to	 push	 the	 methodological	 boundaries	 in	 neuroimaging	 by	 establishing	 and	 further	optimizing	 novel	 methodological	 approaches	 through	 investigating	 well	 described	structures	 (such	 as	 distinct	 diffusion	 properties	 of	 peripheral	 neuronal	 structures).	Logically,	the	multimodal	integration	of	methodological	developments	and	applications	in	clinical	research	settings	according	to	hypotheses	derived	from	clinical	observations	is	essential	to	answer	the	open	questions	in	psychiatric	research.			In	order	to	use	synergistic	effects	between	method	development	and	clinical	research,	an	appropriate	training	in	both	disciplines	is	beneficial	and	corresponding	expertise	has	to	
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be	 promoted.	 In	 addition	 to	 the	 personal	 formation	 on	 an	 individual	 level,	 a	 strong	interdisciplinary	 academic	 exchange	 is	 mandatory	 to	 answer	 the	 imminent	 academic	questions	in	the	field	of	psychiatry.	Given	the	fast	developments	in	computer	and	software	technology	as	well	as	continuous	methodological	advances	 in	 the	 fields	of	physics	and	bioengineering,	collaboration	rather	than	competition	might	become	the	key	to	successful	science	 in	 the	 future.	During	my	research	career,	 I	always	worked	 in	 transdisciplinary	groups	 and	 promoted	 interdisciplinary	 collaborations	 between	 clinical	 research	 in	psychiatry	and	basic	methodological	research.	I	strongly	believe	that	we	are	living	in	an	era	of	 change	with	 respect	 to	our	understanding	of	mental	disorders	and	 that	 current	scientific	advances	will	likely	have	a	considerable	impact	on	our	future	clinical	work.			My	 personal	 long-term	 motivation	 is	 to	 generate,	 validate	 and	 apply	 novel	interdisciplinary	methods	to	contribute	to	the	best	of	my	abilities	to	the	improvement	of	our	understanding	of	mental	disorders	and	to	translate	these	insights	into	clinical	practice	with	respect	to	diagnosis,	risk	identification	and	treatment	response	prediction.	To	this	end,	 my	 forthcoming	 SNSF-funded	 research	 stay	 at	 the	 Max-Planck	 UCL	 centre	 for	computational	 psychiatry	 and	 the	 Wellcome	 Trust	 Centre	 for	 Neuroimaging	 at	 the	University	College	London,	UK,	will	complement	my	education	 in	MR	neuroimaging	by	providing	an	exceptional	environment	to	 learn	sophisticated	experimental	designs	and	computational	 psychiatry	 techniques	 from	 internationally	 leading	 scientists	 in	 an	inspiring	 interdisciplinary	 environment.	 After	my	 return	 to	 the	 Psychiatric	 University	Hospital	 Zurich,	 I	 will	 not	 only	 apply	 my	 newly	 acquired	 knowledge	 in	 patient	populations,	but	also	diffuse	my	acquired	knowledge	to	colleagues	and	students	at	 the	University	 of	 Zurich	 through	 collaboration	 and	 teaching.	Behind	 this	 lies	 the	 vision	 to	improve	treatment	quality	in	psychiatry	and,	eventually,	the	quality	of	life	of	our	patients.			 	
	 -	16	-	
4.	References			1.	 Association	AP.	Diagnostic	and	Statistical	Manual	of	Mental	Disorders,	Fourth	Edition,	Text	Revision	(DSM-IV-TR),	Washington,	DC,	USA.	2000	2.	 Kessler	RC,	Berglund	P,	Demler	O,	Jin	R,	Merikangas	KR,	Walters	EE.	Lifetime	prevalence	and	age-of-onset	 distributions	 of	 DSM-IV	 disorders	 in	 the	 National	 Comorbidity	 Survey	Replication.	Arch	Gen	Psychiatry.	2005;62:593-602.	3.	 GBD	DAIIAPC.	 Global,	 regional,	 and	 national	 incidence,	 prevalence,	 and	 years	 lived	with	disability	for	328	diseases	and	injuries	for	195	countries,	1990-2016:	a	systematic	analysis	for	the	Global	Burden	of	Disease	Study	2016.	Lancet.	2017;390:1211-1259.	4.	 Wainberg	 ML,	 Scorza	 P,	 Shultz	 JM	 et	 al.	 Challenges	 and	 Opportunities	 in	 Global	 Mental	Health:	a	Research-to-Practice	Perspective.	Curr	Psychiatry	Rep.	2017;19:28.	5.	 Neuroimaging	 in	 psychiatry:	 bringing	 neuroscience	 into	 clinical	 practice.	 [editorial].	 Br	 J	Psychiatry	2012;201(1):1.	6.	 Silbersweig	DA,	Rauch	SL.	Neuroimaging	in	Psychiatry:	A	Quarter	Century	of	Progress.	Harv	Rev	Psychiatry.	2017;25:195-197.	7.	 Dolan	RJ.	Neuroimaging	of	cognition:	past,	present,	and	future.	Neuron.	2008;60:496-502.	8.	 Hyman	SE.	Can	neuroscience	be	integrated	into	the	DSM-V.	Nat	Rev	Neurosci.	2007;8:725-732.	9.	 Pizzagalli	DA.	Depression,	stress,	and	anhedonia:	toward	a	synthesis	and	integrated	model.	Annu	Rev	Clin	Psychol.	2014;10:393-423.	10.	 Stephan	 KE,	 Bach	 DR,	 Fletcher	 PC	 et	 al.	 Charting	 the	 landscape	 of	 priority	 problems	 in	psychiatry,	part	1:	classification	and	diagnosis.	Lancet	Psychiatry.	2016;3:77-83.	11.	 Insel	 TR.	 The	 NIMH	 Research	 Domain	 Criteria	 (RDoC)	 Project:	 precision	 medicine	 for	psychiatry.	Am	J	Psychiatry.	2014;171:395-397.	12.	 Cuthbert	BN,	Insel	TR.	Toward	the	future	of	psychiatric	diagnosis:	the	seven	pillars	of	RDoC.	BMC	Med.	2013;11:126.	13.	 Insel	TR,	Cuthbert	BN.	Medicine.	Brain	disorders?	Precisely.	Science.	2015;348:499-500.	14.	 Matthews	 PM,	 Hampshire	 A.	 Clinical	 Concepts	 Emerging	 from	 fMRI	 Functional	Connectomics.	Neuron.	2016;91:511-528.	15.	 Sprooten	 E,	 Rasgon	 A,	 Goodman	 M	 et	 al.	 Addressing	 reverse	 inference	 in	 psychiatric	neuroimaging:	Meta-analyses	of	task-related	brain	activation	in	common	mental	disorders.	Hum	Brain	Mapp.	2017;38:1846-1864.	16.	 Bassett	DS,	Sporns	O.	Network	neuroscience.	Nat	Neurosci.	2017;20:353-364.	17.	 Seeley	WW,	Menon	V,	Schatzberg	AF	et	al.	Dissociable	intrinsic	connectivity	networks	for	salience	processing	and	executive	control.	J	Neurosci.	2007;27:2349-2356.	
	 -	17	-	
18.	 Aggarwal	S.	Targeted	cancer	therapies.	Nat	Rev	Drug	Discov.	2010;9:427-428.	19.	 Drzezga	A,	Grimmer	T,	Henriksen	G	et	al.	Imaging	of	amyloid	plaques	and	cerebral	glucose	metabolism	in	semantic	dementia	and	Alzheimer’s	disease.	Neuroimage.	2008;39:619-633.	20.	 Mansfield	P,	Maudsley	AA.	Medical	imaging	by	NMR.	Br	J	Radiol.	1977;50:188-194.	21.	 Pruessmann	KP,	Weiger	M,	Scheidegger	MB,	Boesiger	P.	SENSE:	sensitivity	encoding	for	fast	MRI.	Magn	Reson	Med.	1999;42:952-962.	22.	 Pruessmann	KP,	Weiger	M,	Bornert	P,	Boesiger	P.	Advances	 in	 sensitivity	 encoding	with	arbitrary	k-space	trajectories.	Magn	Reson	Med.	2001;46:638-651.	23.	 Mansfield	 P,	 Coxon	 R,	 Glover	 P.	 Echo-planar	 imaging	 of	 the	 brain	 at	 3.0	 T:	 first	 normal	volunteer	results.	J	Comput	Assist	Tomogr.	1994;18:339-343.	24.	 Poustchi-Amin	M,	Mirowitz	SA,	Brown	JJ,	McKinstry	RC,	Li	T.	Principles	and	applications	of	echo-planar	imaging:	a	review	for	the	general	radiologist.	Radiographics.	2001;21:767-779.	25.	 Bandettini	PA.	Functional	MRI:	A	confluence	of	fortunate	circumstances.	Neuroimage.	2012	26.	 Bandettini	PA,	Kwong	KK,	Davis	TL	et	al.	Characterization	of	cerebral	blood	oxygenation	and	flow	changes	during	prolonged	brain	activation.	Hum	Brain	Mapp.	1997;5:93-109.	27.	 Kwong	KK,	Belliveau	JW,	Chesler	DA	et	al.	Dynamic	magnetic	resonance	imaging	of	human	brain	activity	during	primary	sensory	stimulation.	Proc	Natl	Acad	Sci	U	S	A.	1992;89:5675-5679.	28.	 Fox	PT,	Raichle	ME.	 Focal	 physiological	 uncoupling	 of	 cerebral	 blood	 flow	 and	oxidative	metabolism	during	somatosensory	stimulation	in	human	subjects.	Proc	Natl	Acad	Sci	U	S	A.	1986;83:1140-1144.	29.	 Ogawa	 S,	 Lee	 TM,	 Kay	 AR,	 Tank	 DW.	 Brain	 magnetic	 resonance	 imaging	 with	 contrast	dependent	on	blood	oxygenation.	Proc	Natl	Acad	Sci	U	S	A.	1990;87:9868-9872.	30.	 Ogawa	S.	Finding	the	BOLD	effect	in	brain	images.	Neuroimage.	2012;62:608-609.	31.	 Manoliu	A,	Riedl	V,	Zherdin	A	et	al.	Aberrant	dependence	of	default	mode/central	executive	network	 interactions	 on	 anterior	 insular	 salience	 network	 activity	 in	 schizophrenia.	Schizophr	Bull.	2014;40:428-437.	32.	 Spiers	 HJ,	 Maguire	 EA.	 Decoding	 human	 brain	 activity	 during	 real-world	 experiences.	Trends	Cogn	Sci.	2007;11:356-365.	33.	 Smith	 SM,	 Fox	 PT,	Miller	 KL	 et	 al.	 Correspondence	 of	 the	 brain’s	 functional	 architecture	during	activation	and	rest.	Proc	Natl	Acad	Sci	U	S	A.	2009;106:13040-13045.	34.	 Brakowski	 J,	 Spinelli	 S,	 Dörig	 N	 et	 al.	 Resting	 state	 brain	 network	 function	 in	 major	depression	 -	 Depression	 symptomatology,	 antidepressant	 treatment	 effects,	 future	research.	J	Psychiatr	Res.	2017;92:147-159.	35.	 Manoliu	A,	Ho	M,	Nanz	D	et	al.	Diffusion	Tensor	Imaging	of	Lumbar	Nerve	Roots:	Comparison	Between	 Fast	 Readout-Segmented	 and	 Selective-Excitation	 Acquisitions.	 Invest	 Radiol.	2016;51:499-504.	
	 -	18	-	
36.	 Basser	PJ,	Jones	DK.	Diffusion-tensor	MRI:	theory,	experimental	design	and	data	analysis	-	a	technical	review.	NMR	Biomed.	2002;15:456-467.	37.	 Ho	MJ,	Manoliu	A,	Kuhn	FP	et	al.	Evaluation	of	Reproducibility	of	Diffusion	Tensor	Imaging	in	the	Brachial	Plexus	at	3.0	T.	Invest	Radiol.	2017;52:482-487.	38.	 Fornito	A,	Zalesky	A,	Breakspear	M.	The	connectomics	of	brain	disorders.	Nat	Rev	Neurosci.	2015;16:159-172.	39.	 Jeurissen	B,	 Leemans	A,	 Tournier	 JD,	 Jones	DK,	 Sijbers	 J.	 Investigating	 the	 prevalence	 of	complex	 fiber	 configurations	 in	 white	 matter	 tissue	 with	 diffusion	 magnetic	 resonance	imaging.	Hum	Brain	Mapp.	2013;34:2747-2766.	40.	 Manoliu	A,	Ho	M,	Piccirelli	M	et	al.	Simultaneous	multislice	readout-segmented	echo	planar	imaging	 for	 accelerated	 diffusion	 tensor	 imaging	 of	 the	 mandibular	 nerve:	 A	 feasibility	study.	J	Magn	Reson	Imaging.	2017	41.	 Stämpfli	 P,	 Sommer	 S,	 Czell	 D	 et	 al.	 Investigation	 of	 Neurodegenerative	 Processes	 in	Amyotrophic	Lateral	Sclerosis	Using	White	Matter	Fiber	Density.	Clin	Neuroradiol.	2018	42.	 Manoliu	A,	Spinner	G,	Wyss	M	et	al.	Magnetic	Resonance	Imaging	of	the	Temporomandibular	Joint	at	7.0	T	Using	High-Permittivity	Dielectric	Pads:	A	Feasibility	Study.	Invest	Radiol.	2015	43.	 Manoliu	A,	Spinner	G,	Wyss	M	et	al.	Quantitative	and	qualitative	comparison	of	MR	imaging	of	 the	 temporomandibular	 joint	 at	 1.5	 Tesla	 and	 3.0	 Tesla	 using	 an	 optimized	 high-resolution	protocol.	Dentomaxillofac	Radiol.	201520150240.	44.	 Manoliu	A,	Spinner	G,	Wyss	M	et	al.	Comparison	of	a	32-channel	head	coil	and	a	2-channel	surface	coil	for	MR	imaging	of	the	temporomandibular	joint	at	3.0	Tesla.	Dentomaxillofac	Radiol.	201620150420.	45.	 Sorg	C,	Manoliu	A,	Neufang	S	et	al.	Increased	intrinsic	brain	activity	in	the	striatum	reflects	symptom	dimensions	in	schizophrenia.	Schizophr	Bull.	2013;39:387-395.	46.	 Manoliu	 A,	 Riedl	 V,	 Doll	 A	 et	 al.	 Insular	 Dysfunction	 Reflects	 Altered	 Between-Network	Connectivity	 and	 Severity	 of	 Negative	 Symptoms	 in	 Schizophrenia	 during	 Psychotic	Remission.	Front	Hum	Neurosci.	2013;7:216.	47.	 Dopamine	 and	 the	 aberrant	 salience	 hypothesis	 of	 schizophrenia.	 [editorial].	 World	Psychiatry	2016;15(1):3.	48.	 Manoliu	A,	Bosch	OG,	Brakowski	J,	Brühl	AB,	Seifritz	E.	The	potential	impact	of	biochemical	mediators	on	telomere	attrition	 in	major	depressive	disorder	and	 implications	 for	 future	study	designs:	A	narrative	review.	J	Affect	Disord.	2018;225:630-646.	49.	 Hardeveld	F,	Spijker	J,	De	Graaf	R,	Nolen	WA,	Beekman	AT.	Recurrence	of	major	depressive	disorder	and	its	predictors	in	the	general	population:	results	from	the	Netherlands	Mental	Health	Survey	and	Incidence	Study	(NEMESIS).	Psychol	Med.	2013;43:39-48.	50.	 Manoliu	 A,	 Meng	 C,	 Brandl	 F	 et	 al.	 Insular	 dysfunction	 within	 the	 salience	 network	 is	associated	with	 severity	 of	 symptoms	 and	 aberrant	 inter-network	 connectivity	 in	major	
	 -	19	-	
depressive	disorder.	Front	Hum	Neurosci.	2013;7:930.	51.	 Tao	 H,	 Guo	 S,	 Ge	 T	 et	 al.	 Depression	 uncouples	 brain	 hate	 circuit.	 Mol	 Psychiatry.	2013;18:101-111.	52.	 Ferri	CP,	Prince	M,	Brayne	C	et	al.	Global	prevalence	of	dementia:	a	Delphi	consensus	study.	Lancet.	2005;366:2112-2117.	53.	 Myers	N,	Pasquini	L,	Göttler	J	et	al.	Within-patient	correspondence	of	amyloid-β	and	intrinsic	network	connectivity	in	Alzheimer’s	disease.	Brain.	2014;137:2052-2064.	54.	 Manoliu	A,	Ho	M,	Nanz	D	et	al.	MR	neurographic	orthopantomogram:	Ultrashort	echo-time	imaging	of	mandibular	bone	and	teeth	complemented	with	high-resolution	morphological	and	functional	MR	neurography.	J	Magn	Reson	Imaging.	2016			
	 	
	 -	20	-	
5.	Reprints	of	discussed	publications				1.	Peters	H,	Riedl	V,	Manoliu	A,	Scherr	M,	Schwerthöffer	D,	Zimmer	C,	Förstl	H,	Bäuml	J,	Sorg	C,	Koch	K:	 „Reduced	 functional	 connectivity	between	putamen	and	 right	anterior	insula	in	psychotic	patients	with	schizophrenia“,	Br	J	Psychiatry.	2017;210(1):75-82,	IF	=	6.347		2.	Meng	C,	Brandl	F,	Tahmasian	M,	Shao	J,	Manoliu	A,	Scherr	M,	Schwerthöffer	D,	Bäuml	J,	Förstl	H,	Zimmer	C,	Wohlschläger	AM,	Riedl	V,	Sorg	C:	„Aberrant	topology	of	striatum´s	connectivity	is	associated	with	the	number	of	episodes	in	depression“,	Brain.	2014;137(Pt	2):598-609,	IF	=	10.292		3.	Koch	K,	Myers	NE,	Göttler	J,	Pasquini	L,	Grimmer	T,	Förster	S,	Manoliu	A,	Neitzel	J,	Kurz	A,	Förstl	H,	Riedl	V,	Wohlschläger	AM,	Drzezga	A,	Sorg	C:	„Disrupted	intrinsic	networks	link	Amyloid-beta	Pathology	and	Impaired	Cognition	in	Prodromal	Alzheimer´s	Disease“,	Cereb	Cortex.	2015;25(12):4678-88,	IF	=	6.559		4.	 Ho	M,	Manoliu	 A,	 Kuhn	 FP,	 Klarhöfer	M,	 Nanz	 D,	 Ettlin	 DA,	 Boss	 A,	 Andreisek	 G	 :	"Evaluation	of	 reproducibility	of	diffusion	 tensor	 imaging	 in	 the	brachial	plexus	at	3.0	Tesla",	Invest	Radiol.	2017;52(8):482-487,	IF	=	5.195		5.	Manoliu	A,	Nanz	D,	Ho	M,	Dappa	E,	Boss	A,	Andreisek	G,	Kuhn	FP:	„MR	neurographic	orthopantomogram:	Ultra-short	 echo-time	 (UTE)	 imaging	of	 the	mandibular	bone	 and	teeth	 complemented	 with	 high-resolution	 morphological	 and	 functional	 MR	neurography“,	J	Magn	Reson	Imaging.	2016;44(2):393-400,	IF	=	3.083		6.	Manoliu	A,	Ho	M,	Piccirelli	M,	Nanz	D,	Filli	L,	Dappa	E,	Liu	E,	Ettlin	DA,	Boss	A,	Andreisek	G,	 Kuhn	 FP	 :	 "Simultaneous	 multislice-readout	 segmented	 echo	 planar	 imaging	 for	accelerated	diffusion	tensor	imaging	of	the	mandibular	nerve	:	A	feasibility	study",	J	Magn	Reson	Imaging.	2017;46(3):663-677,	IF	=	3.083	
The pathophysiology of the striatum is one of the key elements in
our understanding of schizophrenia, particularly of psychotic
states.1,2 Increased striatal dopamine has been suggested as a ‘final
common pathway to psychosis’.2 This idea is supported by
findings of increased striatal dopamine transmission during
prodromal and psychotic states.3,4 Levels of hyperdopaminergia
correlate with psychosis severity and antidopaminergic drugs
reduce psychotic symptoms in most cases.2,5 Recent in-vivo
positron emission tomography studies indicate that particularly
the presynaptic dopamine concentration is increased, mainly in
the dorsal striatum.4 This regional specificity is further supported
by resting-state functional magnetic resonance imaging (rs-fMRI)
results, demonstrating that functional connectivity of ongoing
activity within the striatum is selectively increased in the putamen.
Such intra-striatal functional connectivity changes have been
shown to be only present during psychosis and associated with
the severity of positive symptoms, whereas functional connectivity
changes within the ventral striatum were only found during
psychotic remission and linked with negative symptoms.6 Because
of striatum’s involvement in cortico-basal-ganglia-thalamo-
cortical loops, the question arises whether, beyond specifically
aberrant intra-striatal connectivity, extra-striatal functional
connectivity with cortical regions is also specifically changed, in
particular for the putamen.
First, patterns of cortical extra-striatal functional connectivity
are distinct for dorsal and ventral striatum.7 While ventral
striatum functional connectivity includes the ventromedial
prefrontal cortex and orbitofrontal cortex, the putamen is mainly
linked with the anterior insula, anterior cingulate cortex and
medial/lateral prefrontal cortex.7,8 Previous imaging studies
demonstrated changes in extra-striatal connectivity in patients
with schizophrenia.6 For example, during cognitive tasks such as
attentional oddball, decreased frontostriatal functional connectivity
was found in patients, with progressive decreases being associated
with disorder severity and task duration.9 Resting-state studies of
ongoing brain activity revealed aberrant functional connectivity
from various frontal regions including the anterior cingulate
cortex, dorsolateral prefrontal cortex and orbitofrontal cortex
with the striatum in prodromal state and patients with
psychosis.10–13 Most recently, altered striatal functional connectivity
with cortical regions has been observed from increased to decreased
connectivity along a ventral–dorsal axis within the striatum in
patients with first-episode psychosis and their relatives; this result
indicates complex and disease risk-related reorganisation of extra-
striatal functional connectivity across striatal subregions in
schizophrenia.14 Particularly across different striatal subsystems,
this complex pattern suggests less distinctiveness of functional
connectivity for different subregions especially in psychosis. More
specifically, accounting for putamen’s prominent role in psychosis
and its intra-striatal reorganisation, we hypothesised that –
relative to the ventral striatum – putamen functional connectivity
with the cortex might be increased for regions that are normally
more strongly connected with the ventral striatum.
Second, from the perspective of intrinsic networks (i.e.
consistent spatial patterns of coherent ongoing brain activity),
the putamen is intimately associated with the salience network.8
The salience network covers insula, anterior cingulate cortex and
parts of the dorsomedial and dorsolateral prefrontal cortex. It
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Background
In patients with schizophrenia in a psychotic episode,
intra-striatal intrinsic connectivity is increased in the putamen
but not ventral striatum. Furthermore, multimodal changes
have been observed in the anterior insula that interact
extensively with the putamen.
Aims
We hypothesised that during psychosis, putamen extra-
striatal functional connectivity is altered with both the
anterior insula and areas normally connected with the
ventral striatum (i.e. altered functional connectivity
distinctiveness of putamen and ventral striatum).
Method
We acquired resting-state functional magnetic resonance
images from 21 patients with schizophrenia in a psychotic
episode and 42 controls.
Results
Patients had decreased functional connectivity: the putamen
with right anterior insula and dorsal prefrontal cortex,
the ventral striatum with left anterior insula. Decreased
functional connectivity between putamen and right
anterior insula was specifically associated with patients’
hallucinations. Functional connectivity distinctiveness was
impaired only for the putamen.
Conclusions
Results indicate aberrant extra-striatal connectivity during
psychosis and a relationship between reduced putamen–right
anterior insula connectivity and hallucinations. Data
suggest that altered intrinsic connectivity links striatal and
insular pathophysiology in psychosis.
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processes emotionally salient stimuli from the body and external
world and controls, particularly via its right anterior insula,
interactions between other networks such as default mode or
central executive network.15 Recently, aberrant salience network
connectivity and control function was observed in patients in a
psychotic episode and associated with hallucinations with
aberrations converging on the right anterior insula.16,17 These
findings were specific for psychosis, since during psychotic
remission left rather than right anterior insula connectivity was
relevant for aberrant network interactions and patients’ negative
symptoms.16 Together with intra-striatal changes, these data
suggest that selective changes of the putamen and right anterior
insula in psychosis might be related. Based on these findings, we
hypothesised that putamen’s extra-striatal functional connectivity
with the right anterior insula is specifically altered in patients in a
psychotic episode and less distinct relative to the ventral striatum.
To test these hypotheses, we measured blood oxygenation
level-dependent (BOLD) activity in 42 healthy controls and
21 patients with schizophrenia in a psychotic episode by use of
rs-fMRI. Imaging data of half of the healthy volunteers were used
as independent regional priors for subsequent group comparisons
between patients and the other half of the controls, to increase
specificity of findings. Main outcome measures were individual
b-maps of seed-based functional connectivity applied to putamen
and ventral striatum. To estimate group differences, b-maps were
compared across groups via voxelwise two-sample t-tests. To
investigate the relationship between psychotic symptoms and
aberrant extra-striatal functional connectivity in patients, correlation
analysis was performed. To analyse distinctiveness of extra-striatal
functional connectivity for putamen and ventral striatum, we
defined distinct functional connectivity by averaged incongruent
seed-target-functional connectivity values (i.e. averaged functional
connectivity values of functional connectivity seed in the putamen
and functional connectivity target as defined by the functional
connectivity map of the ventral striatum and vice versa18).
Method
Participants
In total, 42 healthy controls (control group) and 21 patients with
schizophrenia in a psychotic episode (schizophrenia group)
participated in the study. All patients and 21 healthy controls
had been investigated in a previous study mentioned above,6
which investigated intra-striatal functional connectivity changes.
For the current study of extra-striatal functional connectivity, an
additional 21 group-matched healthy controls were recruited as
an independent control group to improve extra-striatal functional
connectivity analysis sensitivity and specificity. Written informed
consent in accordance with the Human Research Committee
guidelines of the Klinikum Rechts der Isar, Technische Universita¨t
Mu¨nchen was obtained from all participants. Patients were
recruited from the Department of Psychiatry, Klinikum Rechts
der Isar TU Mu¨nchen and controls by word-of-mouth advertising.
Participants’ examination included medical history, psychiatric
interview, psychometric assessment, urine drug screening and
additionally blood tests for the schizophrenia group. The global
level of social, occupational, and psychological functioning was
measured with the Global Assessment of Functioning Scale
(GAF).19 Psychiatric diagnoses relied on the DSM-IV.20 To assess
psychiatric diagnoses, the Structured Clinical Interview for
DSM-IV (SCID-I) was used.19 For rating severity of clinical
symptoms on the day of scanning, the Positive and Negative
Syndrome Scale (PANSS) was applied.21 Clinical psychometric
assessment was completed by psychiatrists (D.S. and M.S.) who
have been professionally trained for SCID and PANSS-based
interviews with interrater reliability of more than 95%.
Inclusion criteria for the study were diagnosis of schizo-
phrenia, acute psychosis, particularly during the fMRI session
(at least three positive PANSS subscores 53), and age between
18 and 60 years. Exclusion criteria were current or past
neurological or internal systemic disorder, current depressive or
manic episode, substance misuse (except for nicotine) and cerebral
pathology on MRI.
All the schizophrenia group were diagnosed with paranoid
schizophrenia during acute psychosis as indicated by clinical
exacerbation and increased positive symptom scores on the
PANSS (Table 1). In total, 7 out of 21 had significant
hallucinations (PANSS P3 53), 15 delusions (PANSS P1 53).
The mean duration of illness was 7.15 years (s.d. = 6.89), the mean
number of hospital admissions was 2.98 (s.d. = 2.48). Concerning
medication, three patients were free of any antipsychotic
medication. All other patients received mono- or dual therapy
with atypical antipsychotic medication (see Table 1 and online
Table DS1). All patients have been treated previously with
antipsychotic drugs (i.e. none of the patients was treatment naive).
The control group were all free of any current or past psychiatric,
neurological or systemic disorder or psychotropic medication.
Behavioural and imaging data from the schizophrenia group
and 21 controls (the ‘comparison control group’) were used in a
previous study,6 which focused on intra-striatal functional
connectivity. An additional 21 group-matched healthy controls
were recruited as an independent control group to improve
functional connectivity analysis sensitivity and specificity (see
below).
MRI data acquisition
MRI was carried out using a 3Twhole-body MR scanner (Achieva,
Philips, The Netherlands) using an eight-channel phased-array
head coil. T1-weighted anatomical data were obtained by a
magnetisation-prepared rapid acquisition gradient echo sequence
(echo time (TE) = 4ms, repetition time (TR) = 9ms, inversion
time (TI) = 100ms, flip angle 58, field of view
(FoV)= 2406240mm, matrix 2406240, 170 slices, voxel size
16161mm). Data from rs-fMRI were obtained by a gradient-
echo echo-planar imaging (EPI) sequence (TE= 35ms,
TR= 2000ms, flip angle 828, FoV= 2206220mm, matrix
80680, 32 slices, slice thickness 4mm, and 0mm interslice
gap). All participants underwent 10min of rs-fMRI resulting in
300 volumes. As in most previous rs-fMRI studies (e.g. Di Martino
et al,7 Seeley et al8), we instructed participants to keep their eyes
closed and not to fall asleep. We verified that participants stayed
awake by interrogating via intercom immediately after the rs-fMRI
scan.
MRI data analysis
Preprocessing
For each participant, the first three rs-fMRI scans were discarded
because of magnetisation effects. SPM8 (Wellcome Department of
Cognitive Neurology, London) was used for motion correction,
spatial normalisation into the stereotactic space of the Montreal
Neurological Institute (MNI) and spatial smoothing with an
86868mm Gaussian kernel. To ensure data quality, particularly
concerning motion-induced artefacts, temporal signal-to-noise
ratio (tSNR) and point-to-point head motion were estimated
for each participant.22,23 Point-to-point motion was defined as
the absolute displacement of each brain volume compared with
its previous volume. Moreover, root mean square (RMS) of the
translational head movement parameters was calculated for each
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participant.23 Excessive head motion (cumulative motion translation
43mm and mean point-to-point translation or rotation
40.15mm or 0.1) was applied as exclusion criterion. None of
the participants had to be excluded. Two-sample t-tests yielded
no significant differences between groups regarding mean point-
to-point translation or rotation of any direction (P40.15), RMS
(P40.2), or tSNR (P40.40). Further control for head motion
effects was carried out in the individual-level functional
connectivity analysis.
Individual-level functional connectivity analysis
Seeds of functional connectivity analysis were selected according
to coordinates of group-different regions derived from our first
study in patients during acute psychosis (putamen) and after
remission (ventral striatum) relative to healthy controls.6 We
created spherical regions of interest (ROIs, 6mm radius) for the
dorsal striatum, i.e. left and right putamen (+/–24, 12, 0) and
the ventral striatum, i.e. nucleus accumbens (+/–12, 9, –9),
respectively, by the use of MarsBaR (v0.42, http://marsbar.
sourceforge.net/). Centres of ROIs were derived from the study
of Martinez and colleagues and corresponded to centres in our
previous study.6,24
After Butterworth bandpass-filtering of all voxel time courses
for the frequency range from 0.009 to 0.08Hz, we extracted voxel
time courses of seed ROIs and reduced them to ROI-representative
time courses by singular value decomposition. Each time course
was entered into a first-level fixed-effects general linear model in
SPM8, and four separate functional connectivity analyses (i.e.
left/right ventral striatum, left/right putamen) were performed
for each participant yielding four functional connectivity maps
for subsequent second-level analyses. Regressors for global grey
matter, white matter, cerebrospinal fluid (CSF) BOLD-signal,
and six movement parameters for each participant were included
as covariates of no interest in each model.7 As the global grey
matter signal is thought to reflect a combination of physiological
processes (such as cardiac and respiratory fluctuations) and
scanner drift, it was included as a nuisance signal to minimise
the influence of such factors.25 To extract the nuisance covariate
time series for grey matter, white matter and CSF, each individual’s
high-resolution T1-weighted structural image was segmented.
Mean images of study sample’s T1-segmentation were used to
create ROIs for the extraction of grey matter, white matter and
CSF nuisance signals.
Group-level functional connectivity analysis
Group analyses were performed using b-maps from individual-
level functional connectivity analysis in separate flexible factorial
models of analysis of variance (ANOVA). More specifically, all
ANOVA models included covariates of no interest (gender, age, seed
regional volumes of ventral striatum and putamen, respectively;
see voxel-based morphometry (VBM) analysis below) and were
restricted to explicit masks of ventral striatum and putamen
functional connectivity, respectively. Masks were created by use
of a flexible factorial ANOVA model of putamen/ventral striatum
functional connectivity images of the independent control group
(factors: hemisphere with levels left/right and seed-ROI with levels
ventral striatum/putamen); appropriate post-hoc t-tests revealed
positively correlated functional connectivity maps for the ventral
striatum and putamen, respectively (P50.05 uncorrected for
masks; P50.05 family-wise error (FWE)-corrected on voxel level
for online Fig. DS1). Then, to analyse group differences of
putamen functional connectivity, a flexible factorial ANOVA
(P50.05 FWE-corrected on voxel level and restricted to a mask of
the independent control group) was applied to putamen functional
connectivity images of currently symptomatic patients and the
comparison control group with factors group (levels: patient/
control) and seed-ROI (levels: left/right putamen). Analogous
ANOVA was applied for ventral striatum functional connectivity.
For both ANOVA models, the main effect of group (and
corresponding post-hoc t-tests to reveal direction of change) was
the effect of interest. Reported voxel coordinates correspond to
standardised MNI space. To visualise results, we used MRIcroN
(http://www.nitrc.org/projects/mricron).
Brain–behaviour relationship
To investigate the relationship between striatal functional
connectivity differences and psychotic symptoms, b-values of
regional group differences in putamen and ventral striatum
functional connectivity for each cluster and patient were averaged
across voxels and entered into partial correlation analyses.
According to previous results, we chose subscores instead of the
summed positive symptom score. Since only hallucinations and
delusions correlated with striatal functional connectivity
decreases, we limited analyses to these subscores.6 Covariates of
no interest were age and gender as well as medication levels
reflected by chlorpromazine-equivalent units (CPZ).26 The
significance threshold was set to P50.007, Bonferroni-corrected
for seven group-different clusters of functional connectivity
decreases (the seven clusters are listed in Table 2).
Distinct functional connectivity
We expected that in the schizophrenia group, putamen’s
functional connectivity is changed both with the anterior insula
and with areas that are typically connected more strongly with
the ventral striatum. To examine such altered distinctiveness of
putamen and ventral striatum connectivity, we defined distinct
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Table 1 Demographic and clinical characteristics
Measure
Independent
control group
(n=21)
Comparison
control group
(n=21)
Schizophrenia
group (n=21)
Schizophrenia group (n=21) v.
comparison control group (n=21)a
Age, mean (s.d.) 33.49 (12.9) 33.57 (13.6) 34.05 (12.27) 70.121 0.904
Gender (men/women), n 10/11 10/11 10/11
Positive and Negative Syndrome Scale, mean (s.d.)
Total – 30.14 (0.65) 80.76 (20.77) 8.96 50.001*
Positive – 7.05 (0.22) 19.4 (6.09) 9.091 50.001*
Negative – 7.10 (0.44) 21.14 (8.20) 7.84 50.001*
General – 16.05 (0.22) 39.81 (11.06) 9.846 50.001*
Global Assessment of Functioning Scale, mean (s.d.) – 99.76 (1.09) 39.62 (11.68) 723.492 50.001*
Chlorpromazine-equivalent dose, mean (s.d.) – 388.61 (384.67)
a. Two-sample t-test
*Significant at P<0.05 corrected for multiple comparisons.
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functional connectivity in terms of averaged incongruent seed-
target functional connectivity values of striatal seeds. For example,
the connectivity of the putamen with regions that were normally
coupled more strongly with the ventral striatum than the putamen
is referred to as incongruent seed-target connectivity of the
putamen. By the use of appropriate post-hoc t-tests for the
above-mentioned ANOVA model (factors seed (putamen/ventral
striatum) and side (left/right) of the independent control group)
(P50.05 FWE-corrected), we first obtained distinct functional
connectivity maps of the putamen (main effect seed putamen4
ventral striatum) and ventral striatum (main-effect seed ventral
striatum4putamen).18 We used these distinct functional
connectivity maps as masks to calculate averaged incongruent
seed-target functional connectivity values (for example, for a given
participant and the putamen as seed, b-values of putamen
functional connectivity map were averaged across all voxels of
the ventral striatum-distinct functional connectivity mask).
Incongruent seed-target-functional connectivity values reflect
distinctiveness of striatal functional connectivity and were
compared across the schizophrenia and comparison control group
by use of two-sample t-tests (P50.05). Accordingly, increased
incongruent seed-target connectivity for a striatal seed would be
interpreted as reduced distinctiveness of striatal functional
connectivity because of an enlarged functional connectivity for
this seed.
Voxel-based morphometry
To control for effects of striatal structure on functional connectivity
results, we included ventral striatum and putamen volumes as
covariates of no interest into statistical models of group
comparisons. We used previous results of VBM analysis in the
schizophrenia group and the comparison control group as
described in the online supplement DS1 and elsewhere.6 Briefly,
VBM volumes of patients’ left and right putamen and ventral
striatum were not different from those of the comparison control
group.
Results
In the independent control group, significant functional
connectivity was found for the putamen with bilateral inferior,
middle, and superior frontal gyrus, anterior insula, anterior and
middle cingulate cortex, pallidum and caudate nucleus, for the
ventral striatum with orbital parts of the inferior frontal gyrus,
the medial superior frontal gyrus, anterior insula, anterior
cingulate cortex and pallidum (P50.05 FWE-corrected, online
Fig. DS1, Table DS2). Putamen and ventral striatum functional
connectivity maps of the schizophrenia group and the comparison
control group were largely consistent with these patterns,
indicating that the basic pattern of putamen and ventral striatum
functional connectivity is preserved in patients (online Fig. DS1).
Group comparisons, which were masked by functional
connectivity patterns of the independent control group, revealed
that in the schizophrenia group putamen functional connectivity
was decreased for bilateral middle frontal gyrus and superior
frontal gyrus, the right opercular and triangular part of the
inferior frontal gyrus, right anterior insula and right middle
cingulate cortex (P50.05 FWE-corrected, online Fig. DS2, Table
2). The schizophrenia group’s ventral striatum functional
connectivity was decreased with the left anterior insula, extending
to the orbital part of the left inferior frontal gyrus (P50.05
FWE-corrected, online Fig. DS2, Table 2).
The partial correlation analyses for the patients’ decreased
regional functional connectivity values and psychotic symptoms
(P50.007, Bonferroni-corrected for multiple testing because of
seven group-different clusters) showed the decreased functional
connectivity between putamen and right anterior insula to be
negatively correlated with hallucinations (P50.001, Fig. 1). Neither
delusions nor other regions’ group-different functional connectivity
showed significant results.
To investigate distinctiveness of striatal functional connectivity
for putamen and ventral striatum, averaged incongruent seed-
target functional connectivity was calculated for putamen and
ventral striatum for each participant. In the schizophrenia group
only, the putamen showed significantly increased incongruent
seed-target functional connectivity values relative to ventral
striatum and different to those of the control group (one- and
two-sample t-test, P50.05, Fig. 2).
Discussion
Main findings
Extra-striatal cortical functional connectivity of the putamen and
ventral striatum was studied in patients with schizophrenia during
psychosis and in healthy controls using rs-fMRI and seed-based
functional connectivity analysis. In patients, putamen’s functional
connectivity was reduced with the right anterior insula and the
dorsomedial and dorsolateral prefrontal cortex, whereas ventral
striatum’s functional connectivity was decreased with the left
anterior insula. Only putamen’s aberrant functional connectivity
with the right anterior insula was significantly associated with
patients’ hallucinations. Putamen’s functional connectivity in
patients was increased with areas regularly connected with the
ventral striatum, indicating specifically less distinctive functional
connectivity of the putamen relative to the ventral striatum. Data
provide evidence that aberrant extra-striatal cortical functional
connectivity during psychosis is centred on the putamen, with
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Table 2 Decreased functional connectivity in the schizophrenia group: schizophrenia group 5 control group
Seed Anatomical regions Side
Cluster size
in voxels, k
MNI, peak voxel
coordinates, x, y, z z-score Pa
Inferior frontal gyrus (opercular, orbital)
Anterior insula
Right 236 45, 15, 76 5.21 50.0001
Superior frontal gyrus Right 87 51, 36, 6 4.57 0.027
Putamen
Inferior frontal gyrus (triangular)
Middle frontal gyrus
Right 61 12, 12, 48 5.50 50.0001
Middle frontal gyrus Right 48 36, 48, 30 4.16 0.044
Middle frontal gyrus Left 36 736, 48, 27 4.27 0.029
Middle cingulate cortex Right 20 9, 15, 39 4.33 0.023
Ventral
striatum
Anterior insula
Inferior frontal gyrus (orbital)
Left 26 736, 21, 79 4.37 0.011
MNI, Montreal Neurological Institute.
a. Two-sample t-test, P<0.05 familywise error -corrected for multiple comparisons on voxel level.
Extra-striatal functional connectivity in psychosis
both less distinct connectivity focused on the putamen and
decreased connectivity between putamen and right anterior insula
specifically related to psychotic symptoms. Particularly the last
finding suggests aberrant functional connectivity to link striatal
and insular pathophysiology in psychosis.
Comparison with findings from other studies
In the schizophrenia group, we found reduced functional
connectivity for both putamen and ventral striatum with cortical
regions (online Fig. DS2, Table 2). Putamen functional connectivity
was reduced in right anterior insula and dorsomedial and dorso-
lateral prefrontal cortex, whereas ventral striatum functional
connectivity was decreased with the left anterior insula. Group
differences were independent of age, gender and striatal volume
effects, for which we controlled statistically. Spatial putamen and
ventral striatum functional connectivity maps of those in the
schizophrenia group were largely comparable with those of the
control group, indicating that basic extra-striatal functional
connectivity is preserved in schizophrenia (online Fig. DS1).
Reduced functional connectivity between putamen and dorsal
prefrontal cortex is in line with previous findings.11–14 For
example, Zhou and colleagues11,12 found reduced middle frontal
gyrus functional connectivity with the dorsal striatum and Fornito
and colleagues14 recently observed reduced functional connectivity
between the dorsocaudal putamen and dorsal prefrontal cortex in
patients with first-episode psychosis, with striatal seed coordinates
very near to those of our study. Furthermore, for the same
prefrontal cortex areas, authors reported that putamen functional
connectivity was also reduced in unaffected first-degree relatives of
patients with schizophrenia, suggesting that these connectivity
changes may express a specific disease risk more associated with
disease trait than state-dependent symptoms. Our finding that
reduced functional connectivity between putamen and dorsal
prefrontal cortex is not related to psychotic symptoms, supports
this suggestion.
On the other hand, we found reduced functional connectivity
with right and left anterior insula in patients for both putamen
and ventral striatum (online Fig. DS2). This finding is in line with
previous findings of reduced striatoinsular functional connectivity
in patients in prodromal psychotic states and psychosis.14,27 More
specifically, Orliac and colleagues recently reported reduced
striatal functional connectivity within the salience network
centred on anterior insula in patients with schizophrenia.28 It
should be noted, however, that in the study by Orliac et al, the
salience network included the bilateral anterior insula whereas
we identified reduced connectivity between the putamen and
the right anterior insula in association with reduced connectivity
between the ventral striatum and the left anterior insula. The
salience network and especially the anterior insula is crucially
involved in processing salient internal/external stimuli and
controlling interactions between two distinct core cognitive
networks, namely the default mode network – involved in self-
referential cognition – and the central executive network –
involved in goal-driven tasks.8 In patients with schizophrenia,
the anterior insula is characterised by various structural and
functional alterations such as atrophy, impaired white matter
structure and aberrant functional connectivity. In particular
aberrant functional connectivity of the anterior insula within the
salience network is associated with aberrant default-mode
network/central executive network interactions and the severity
of patients’ symptoms.16,29 Our finding of reduced functional
connectivity between striatum and anterior insula indicates that a
disrupted connectivity between striatum and central components
of the salience network may constitute a core mechanism underlying
the pathophysiology of schizophrenia.
Concerning laterality of aberrant striatal functional connectivity,
patients’ functional connectivity was reduced for the putamen
with the right anterior insula and for the ventral striatum with left
anterior insula. Previously we found that only right anterior insula
functional connectivity within the salience network was associated
with positive symptoms during psychosis,17 whereas during
remission, left anterior insula connectivity was specifically linked
with negative symptoms.29 Correspondingly, for the striatum we
found that during psychosis, only putamen intra-striatal
functional connectivity was increased and linked with positive
symptoms, whereas during remission, only ventral striatum
functional connectivity was increased and linked with negative
symptoms.6 Together, it seems that putamen and right anterior
insula connectivity is related more with psychosis and positive
symptoms, whereas ventral striatum and left anterior insula is related
more with remission and negative symptoms. Since the control of
vegetative nervous system activity is asymmetrically represented in
the anterior insula with sympathetic parts more related to the right
anterior insula whereas parasympathetic parts relate more with the
left anterior insula,30 one might speculate whether lateralised striatal
functional connectivity changes in putamen and ventral striatum in
psychosis reflect this rather basic asymmetry. Future studies are
necessary to investigate such a potential link.
Psychosis and putamen functional connectivity
With respect to psychosis, two additional findings specify
decreased extra-striatal functional connectivity in schizophrenia:
(a) aberrant functional connectivity seems to be centred on the
putamen relative to the ventral striatum and (b) putamen’s
decreased functional connectivity with right anterior insula is
specifically relevant for psychotic symptoms.
Abnormal distinctiveness of dorsal striatum functional connectivity
We found less distinct functional connectivity of the striatum in
the form of increased putamen functional connectivity with
regions regularly connected with the ventral striatum (Fig. 2). This
finding suggests that in patients, areas which are preferentially
linked with the ventral striatum, show on average increased
functional connectivity with the putamen. This finding is focused
on the putamen, as distinct functional connectivity of the ventral
striatum relative to the putamen was normal in patients (Fig. 2).
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Fig. 1 Negative correlation between hallucinations and functional
connectivity between putamen and right anterior insula.
Partial correlation analyses on averaged beta values of functional connectivity group-
different clusters in online Fig. DS2 with hallucinations and delusion score on the
Positive and Negative Syndrome Scale (PANSS) revealed only for the functional
connectivity between putamen and right anterior insula a significant relationship with
hallucinations (partial correlation coefficient r=70,69, P50.001, Bonferroni-corrected
for multiple testing (i.e. number of group-different clusters). To control for confounding
effects, medication levels (chlorpromazine-equivalent dose units), age and gender
were included in partial correlation models. a.u., arbitrary units.
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This spatial focus on the dorsal striatum in psychosis corresponds
well with previous findings concerning other aspects of striatal
pathophysiology. For example, intra-striatal functional connectivity
is selectively increased in the putamen during psychosis, and
presynaptic dopamine activity is increased during prodromal
and psychotic states, especially in the dorsal striatum.1,3,4,6 Since
such relative dominance of the dorsal striatum is characteristic
for habit-like behaviour, some theoretical accounts suggested that
patients’ pronounced changes in the dorsal striatum might point
at a habit-like nature of psychotic symptoms.31,32
Aberrant putamen functional connectivity and severity
of hallucinations
In line with this relative dominance of dorsal striatum changes in
psychosis, we found explicit evidence that only patients’ decreased
putamen functional connectivity with the right anterior insula is
significantly linked with the degree of hallucinations (Fig. 1).
Fornito and colleagues14 argue that the previously reported
relationship between reduced dorsal striatum functional
connectivity and symptom severity may constitute a state-
independent risk marker. However, they mainly discussed
functional connectivity with dorsolateral and medial prefrontal
cortex and did not consider PANSS subscores. Our finding fit with
previous results very well: first, aberrant right anterior insula
functional connectivity within the salience network is specifically
associated with psychosis, particularly with hallucinations; second,
putamen’s intra-striatal functional connectivity is selectively
associated with psychosis and the degree of psychotic symptoms.6
The current result provides a link between these previous findings
by extending isolated findings centred on either anterior insula or
the dorsal striatum and showing that disrupted functional
connectivity between putamen and right anterior insula is
specifically related to psychotic key symptoms.
Link between proximal salience, motivational salience
and dopamine
More generally, these data suggest a link between two relevant
models of psychosis in schizophrenia, namely the proximal
salience model of Palaniyappan17,33 and the motivational salience
model of Kapur.34,35 Although these two concepts integrate a lot
of data that are critical for explaining psychotic symptoms in
schizophrenia, they emphasise distinct neurocognitive mechanisms
centred on distinct key regions, namely the anterior insula and
the striatum. More specifically, the concept of proximal salience
describes a momentary interoceptive state resulting from the
appraisal of external and internal stimuli, which modulates both
succeeding learning processes and the selection of actions/
cognitions to improve future evaluation.17 In contrast, the concept
of motivational salience describes the assignment of a specific
motivational value to an internal or external stimulus following
its appraisal based on reward prediction error processes.34,35 In
a neurobiological context, proximal salience has been proposed
to be mediated by the anterior insula within the salience network,
particularly via modulation of the interaction between other
intrinsic connectivity networks, such as the default mode network
and central executive network, whereas motivational salience
depends highly on striatal activity, which, in turn, is strongly
controlled by striatal dopaminergic activity.31,36 Latest studies
provide strong evidence that psychosis in schizophrenia is
characterised by altered functional connectivity within the dorsal
striatum as well as in the right anterior insula within the salience
network and by aberrant functional connectivity between intrinsic
brain networks.16,37 However, a direct link between these findings
is still missing. Recently, Cole and colleagues38 demonstrated that
striatoinsular functional connectivity is influenced by pharm-
acological modulation of striatal dopamine levels. Moreover, Lui
et al39 reported increased functional connectivity between the
dorsal striatum and the bilateral prefrontal cortex, the parietal
cortex and the left superior temporal cortex after short-term
treatment with second-generation antipsychotic medication in
patients with first-episode schizophrenia. Of note, the increase in
functional connectivity was associated with a reduction of clinical
symptoms implicating that a pharmacologically induced alteration
in functional connectivity leads to significant clinical improvement.
Future studies are required that focus explicitly on the
linking potential of striatoinsular intrinsic connectivity between
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dopaminergic reward prediction error activity in the dorsal
striatum, right anterior insula control function on interacting
intrinsic networks and psychotic symptoms.
Methodological issues and limitations
The fact that almost all of the schizophrenia group in our study
were medicated may limit the explanatory power of our findings.
An influence of antipsychotic medication on functional brain
connectivity has been shown.39,40 However, a previous comparison
between patient subsamples receiving antipsychotics and those
who were medication-free did not yield a significant difference
in striatal functional connectivity.14 To control for the potential
confound of medication, we included – with respect to the
analysis of the relationship between aberrant functional
connectivity and psychotic symptoms – CPZ units in the statistical
model of patients’ functional connectivity, which did not yield a
significant explanatory effect of functional connectivity in the
present study.6,16 Nevertheless, antipsychotic medication has to
be considered when evaluating the current study’s results. Future
studies in patients who are drug-free might be helpful; however
studies in patients who are drug-free but in a psychotic episode
might have strong practical and ethical problems.
In conclusion, our results provide evidence that in patients
with schizophrenia in a psychotic episode, striatal functional
connectivity with the frontoinsular cortex is decreased. Changes
were pronounced for the putamen relative to the ventral striatum
and decreased connectivity between putamen and right anterior
insula was specifically related to psychotic symptoms. Data suggest
a link between striatal and anterior insular pathophysiology of
psychosis via functional connectivity.
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In major depressive disorder, depressive episodes reoccur in !60% of cases; however, neural mechanisms of depressive relapse
are poorly understood. Depressive episodes are characterized by aberrant topology of the brain’s intrinsic functional connectivity
network, and the number of episodes is one of the most important predictors for depressive relapse. In this study we hypothe-
sized that specific changes of the topology of intrinsic connectivity interact with the course of episodes in recurrent depressive
disorder. To address this hypothesis, we investigated which changes of connectivity topology are associated with the number of
episodes in patients, independently of current symptoms and disease duration. Fifty subjects were recruited including 25
depressive patients (two to 10 episodes) and 25 gender- and age-matched control subjects. Resting-state functional magnetic
resonance imaging, Harvard-Oxford brain atlas, wavelet-transformation of atlas-shaped regional time-series, and their pairwise
Pearson’s correlation were used to define individual connectivity matrices. Matrices were analysed by graph-based methods,
resulting in outcome measures that were used as surrogates of intrinsic network topology. Topological scores were subsequently
compared across groups, and, for patients only, related with the number of depressive episodes and current symptoms by partial
correlation analysis. Concerning the whole brain connectivity network of patients, small-world topology was preserved but
global efficiency was reduced and global betweenness-centrality increased. Aberrant nodal efficiency and centrality of regional
connectivity was found in the dorsal striatum, inferior frontal and orbitofrontal cortex as well as in the occipital and somato-
sensory cortex. Inferior frontal changes were associated with current symptoms, whereas aberrant right putamen network
topology was associated with the number of episodes. Results were controlled for effects of total grey matter volume, medi-
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cation, and total disease duration. This finding provides first evidence that in major depressive disorder aberrant topology of the
right putamen’s intrinsic connectivity pattern is associated with the course of depressive episodes, independently of current
symptoms, medication status and disease duration. Data suggest that the reorganization of striatal connectivity may interact
with the course of episodes in depression thereby contributing to depressive relapse risk.
Keywords: major depressive disorder; recurrent episodes; striatum; intrinsic functional connectivity; graph analysis
Abbreviation: HAM-D = Hamilton Rating Scale for Depression
Introduction
Major depressive disorder is one of the most frequent psychiatric
disorders with a lifetime prevalence of !16% (Kessler et al.,
2003). Major depression is characterized by single or recurrent
major depressive episodes, which include depressed mood,
reduced energy, impaired cognition, vegetative symptoms, and
suicidal tendency with suicide rates of 4% (American Psychiatric
Association, 2000). In 35–85% of cases the course of major de-
pression includes the recurrence of depressive episodes (Hardeveld
et al., 2010; Lewis et al., 2010; Farb et al., 2011). However, our
knowledge about factors and mechanisms contributing to episode
relapse is only fragmentary.
Depressive episodes are associated with widespread structural
and functional brain changes (Greicius et al., 2007; Erk et al.,
2010; Sheline et al., 2010; Aizenstein et al., 2011; Lui et al.,
2011; Li et al., 2012; Mwangi et al., 2012; Zeng et al., 2012;
for review Savitz and Drevets, 2009; Hamilton et al., 2012;
Whitfield-Gabrieli and Ford, 2012). For example, aberrant rest-
ing-state functional connectivity, which has been proved to sep-
arate patients from healthy control subjects by pattern
classification, was found in the default mode network, salience
network, occipital areas, subcortical areas and the cerebellum
(Zeng et al., 2012). Particularly, connectivity changes in the
default mode and salience networks, which are both intrinsic
networks of synchronous ongoing activity (Greicius et al., 2007;
Seeley et al., 2007), have been linked with patients’ impaired
self-focused processing and aberrant emotional reactivity
(Sheline et al., 2010; Hamilton et al., 2011, 2012; Whitfield-
Gabrieli and Ford, 2012). These widespread functional brain
changes, which are detectable even during rest, indicate altered
large-scale organization of intrinsic brain activity in depressive
episodes. Graph-based network analysis allows us to map such
brain organization changes by quantifying topological properties
of functional networks consisting of nodes (i.e. brain regions) and
edges (i.e. functional connectivity between regions) (Bullmore
and Sporns, 2009). Using resting-state functional MRI and
graph-based methods, Zhang et al. (2011) found aberrant
global efficiency of the whole brain intrinsic functional connect-
ivity network as well as changed nodal centrality of specific brain
regions’ connectivity in patients with first depressive episode.
Such aberrant topology of connectivity during episodes is modu-
lated by early life experience such as childhood neglect (Wang
et al., 2013), and its modularity (i.e. the organization in ensem-
bles of regions with strong within-module functional connectivity)
is distinctively changed depending on whether patients suffer
from their first or long-term therapy resistant episode (Tao
et al., 2013). Because of these findings we hypothesized that
specific changes of the topology of intrinsic connectivity, particu-
larly those reflecting functional integration (i.e. efficiency, central-
ity or modularity), may interact with the course of major
depression.
Besides sub-depressive residuals, the number of previous de-
pressive episodes has strongest influence on the course of major
depression (Kendler et al., 2001; Hardeveld et al., 2010; Moylan
et al., 2013). A recent meta-analysis demonstrated the number of
episodes to be one of the best predictors for the episode relapse
risk in major depression (Hardeveld et al., 2010). However, it re-
mains poorly understood which neural mechanisms might contrib-
ute to such relationship (Robinson and Sahakian, 2008). Because
of the course-sensitive aberrant topology of brain connectivity
during episodes, we hypothesized that selective changes of intrin-
sic connectivity, which reflect altered functional integration, inter-
act with the course of episodes in major depression. In more
detail, we aimed to address the question whether and how the
topology of intrinsic functional connectivity is related to the
number of episodes in patients with recurrent major depression,
independently of current symptoms and the total duration of the
disease.
Therefore, patients with recurrent major depression and healthy
control subjects were assessed by resting-state functional MRI and
graph-based analysis. Resting-state blood oxygenation level-
dependent signal fluctuations were used as a surrogate for intrinsic
brain activity (Fox and Raichle, 2007; Raichle, 2010). Graph-based
topological scores were restricted to measures of functional inte-
gration (i.e. estimates reflecting the efficiency of the interaction
between distributed brain areas) and centrality (i.e. degree and
betweenness-centrality both reflecting the importance of nodes
for functional integration) (Rubinov and Sporns, 2010). We used
the Harvard-Oxford brain atlas and functional connectivity across
regions to determine each subject’s functional connectivity matrix.
Topological scores were derived from these matrices, compared
across groups and, in patients only, related to the number of de-
pressive episodes and current depressive symptoms by partial cor-
relation analysis. Because of previous findings that demonstrate a
link between structural changes and the course of major depres-
sion (Sheline et al., 1999; MacQueen et al., 2003; Frodl et al.,
2008; Kronmuller et al., 2009), we controlled analyses for struc-
tural changes. In addition, effects of medication, disease duration,
and accumulated stress, which may interact with the course of
depression (Robinson and Sahakian, 2008; Hardeveld et al.,
2010), were controlled.
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Materials and methods
Subjects
Twenty-five patients with recurrent major depression (two to 10 de-
pressive episodes; mean age of 48.8 years; 13 female) and 25 healthy
persons (mean age of 44.0 years; 14 female) participated in this study
(Table 1). All participants provided informed consent in accordance
with the Human Research Committee guidelines of the Klinikum
rechts der Isar, Technische Universita¨t Mu¨nchen. Patients were re-
cruited from the Department of Psychiatry by treating psychiatrists,
healthy control subjects from the area of Munich by word-of-mouth
advertizing. Participants’ examination included medical history, psychi-
atric interview, and psychometric assessment. Psychiatric diagnoses
were based on Diagnostic and Statistical Manual of Mental
Disorders-IV (DSM-IV; American Psychiatric Association, 2000). The
Structured Clinical Interview for DSM-IV (SCID) was used to assess
the presence of psychiatric diagnoses (Spitzer et al., 1992). Severity of
clinical symptoms was measured with the Hamilton Rating Scale for
Depression (HAM-D; Hamilton, 1960). The global level of social, oc-
cupational, and psychological functioning was measured with the
Global Assessment of Functioning Scale (Spitzer et al., 1992).
Psychiatrists D.S. and M.S. performed clinical-psychometric assess-
ment; they have been professionally trained for SCID interviews with
inter-rater reliability for diagnoses and scores of 495%.
Recurrent major depression was the primary diagnosis for all pa-
tients. Patients with recurrent major depression constitute a heteroge-
neous clinical group, varying in severity of current symptoms, age of
disorder onset, duration of the disorder, number of depressive
episodes, family history of major depression, co-morbidity of other
disorders, and type of medication. Since the goal of the present
study was to determine the relationship between the topology of
the brain’s functional connectivity network and the course of major
depression common to most patients with recurrent major depression,
we adopted selection criteria from a previous study on recurrent major
depression to obtain a clinically representative patient sample
(Hennings et al., 2009). Recurrence implies the return of an entirely
new episode after clinical recovery. Due to the unreliable self-report in
major depression because of patients’ potential memory problems, the
determination of episode number was based on the review of patients’
medical records. Only patients whose records enabled us to determine
a consistent episode number were included in the study. The number
of episodes of all patients ranged from two to 10 following a continu-
ous distribution (Supplementary Fig. 1). All patients met criteria for a
current depressive episode with an average episode length of 16.6
weeks [standard deviation (SD) 6.6] and an averaged HAM-D score
of 22 (SD 7.1). The average age of major depression onset was 32
years (SD 8), and all patients experienced their first episode before 45
years of age. The average duration of major depression was 16.7 years
(SD 10.2) and on average, patients had experienced five to six epi-
sodes (mean 5.6, SD 2.5). On average 1.7 episodes (SD 1.1) were
triggered by stressful life events; episodes triggered by a stressful life
event were defined as episodes that started within 1 month after a
stressful life event. Four patients had a positive family history of major
depression. Fourteen patients had psychiatric co-morbidities: six gen-
eralized anxiety disorder, three somatization disorder, and five avoi-
dant or dependent personality disorders. Patients with psychotic
symptoms, schizophrenia, schizoaffective disorder, bipolar disorder,
and substance abuse were excluded from this study. Additional exclu-
sion criteria were pregnancy, neurological or severe internal systemic
diseases, and general contraindications for MRI. One patient was free
of any psychotropic medication during MRI assessment. Seven patients
were treated by antidepressant mono-therapy [three cases: citalopram
30mg/d (mean dose); three cases: sertraline 200mg/d; one case:
mirtazapine 30mg/d]; 12 patients by dual-therapy (five cases: citalo-
pram 37.5mg/d + mirtazapine 30mg/d; two cases: citalopram 40mg/
d + venlafaxine 225mg/d; one case: citalopram 30mg/d + quetiapine
200mg/d; one case: sertraline 200mg/d + mirtazapine 30mg/d; three
cases: venlafaxine 225mg/d + mirtazapine 30mg/d); and five patients
by triple-therapy (two cases: citalopram 30mg/d + venlafaxine
187.5mg/d + amisulprid 200mg/d; two cases: citalopram
30mg/d + mirtazapine 30mg/d + quetiapine 200mg/d; 1 case: ven-
lafaxine 22mg/d + mirtazapine 30mg/d + quetiapine 200mg/d). All
healthy control subjects were free of any current or past neurological
or psychiatric disorder or psychotropic medication.
Data acquisition and preprocessing
All participants underwent 10min of resting-state functional MRI with
the instruction to keep their eyes closed and not to fall asleep. We
verified that subjects stayed awake by interrogating via intercom im-
mediately after the resting-state functional MRI scan. No patient
dropped out during the scanning session.
Data acquisition
MRI was performed on a 3 T MR scanner (Achieva, Philips) using an
8-channel phased-array head coil. For co-registration and volumetric
analysis, T1-weighted anatomical data were obtained by using a MP-
RAGE sequence (echo time = 4ms, repetition time = 9ms, inversion
time = 100ms, flip angle = 5", field of view = 240 # 240mm2, ma-
trix = 240 # 240, 170 slices, slice thickness = 1mm, and 0mm inter-
slice gap, voxel size = 1 # 1 # 1mm3). Functional MRI data were
obtained by using a gradient echo EPI sequence (echo time = 35ms,
repetition time = 2000ms, flip angle = 82", field of view = 220 #
220mm2, matrix = 80 # 80, 32 slices, slice thickness = 4mm, and
0mm interslice gap, voxel size = 2.75 # 2.75 # 4mm3; 300 volumes).
Preprocessing
The first three functional images of each subject’s data set were dis-
carded because of magnetization effects. The remaining resting-state
functional MRI data were preprocessed by SPM8 (Wellcome
Department of Cognitive Neurology, London) including head motion
correction, spatial normalization into the standard stereotactic space of
Table 1 Demographic, clinical and psychometric data
Patients with
major
depression
Healthy
controls
P-value
Subjects [total number] 25 25
Age [years] 48.76 (14.83) 44.08 (14.78) 40.05
Gender 13F/12M 14F/11M 40.05
Number of episodes 5.6 (2.5) NA
Duration of major
depression [years]
16.7 (10.2) NA
Current episode
Duration [weeks] 16.6 (6.6) NA
HAM-D 22 (7.1) 0 50.001
GAF 50 (10.5) 99.5 (1.1) 50.001
Group comparisons: two-sample t-tests for age, HAM-D, and GAF; !2-test for
gender. Data are presented as mean and SD (in brackets). GAF = Global
Assessment of Functioning.
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the Montreal Neurological Institute with isotropic voxel of
3 # 3 # 3mm3, and spatial smoothing with a 6 # 6 # 6mm3
Gaussian kernel to reduce spatial noise. To ensure data quality, par-
ticularly concerning motion-induced artefacts, temporal signal-to-noise
ratio and point-to-point head motion were estimated for each subject
(Murphy et al., 2007; Van Dijk et al., 2012). Excessive head motion
(cumulative motion translation or rotation 43mm or 3" and mean
point-to-point translation or rotation 40.15mm or 0.1") was applied
as an exclusion criterion. Point-to-point motion was defined as the
absolute displacement of each brain volume compared with its previ-
ous volume. None of the participants had to be excluded. Two-sample
t-tests yielded no significant differences between groups regarding
mean point-to-point translation or rotation of any direction
(P4 0.10) as well as temporal signal-to-noise ratio (P4 0.50).
Further control for head motion effects was carried out in the network
construction procedure.
Topological analysis of whole brain
functional connectivity network
Network construction
For each subject, the whole brain functional connectivity network was
constructed from preprocessed resting-state functional MRI data. We
defined 112 nodes by anatomical parcellation of the whole brain using
Harvard-Oxford atlas (Supplementary Table 1; FSL, Oxford
University). Time series of functional MRI signal were extracted
from each voxel and subsequently averaged within each region of
interest. The regional time courses were then regressed against con-
founding covariates (comprising six time courses of head motion and
signals derived from whole grey matter, white matter and CSF).
Maximal overlap discrete wavelet transform was applied to decom-
pose the residual regional time series into the following four frequency
scales: scale 1 (0.125–0.250Hz), scale 2 (0.060–0.125Hz), scale 3
(0.030–0.060Hz) and scale 4 (0.015–0.030Hz) (Percival and
Walden, 2000). Absolute wavelet correlation coefficients at the low-
frequency scale 2 (0.060–0.125Hz) were used for further analysis
according to previous studies (Lynall et al., 2010; Alexander-Bloch
et al., 2012). Finally, a 112 # 112 connectivity matrix representing
individual whole brain functional connectivity network was obtained
for each subject.
Network analysis
To prepare graph-based topological analysis of the functional connect-
ivity network, binary networks were generated for the cost range from
0.05–0.50 (with intervals of 0.01) using Prim’s algorithm of minimum
spanning tree in-line with previous work (Alexander-Bloch et al.,
2012). The cost of a network is defined as the number of existing
edges divided by the number of all possible edges and serves as a
basic ‘economical’ constraint on brain networks (Bullmore and Sporns,
2012). Cost range 0.05–0.5 was selected because networks with cost
50.05 are too sparse to obtain stable network topology and those
with cost 40.50 become increasingly random and lose their small-
world property that is characteristic for human brains (Humphries
et al., 2006; Lynall et al., 2010). In addition, to investigate the
impact of costs on network topology, four arbitrary quasi-equidistant
cost sub-ranges (i.e. 0.05–0.14, 0.15–0.24, 0.25–0.34 and 0.35–0.50)
were defined.
Graph analysis of binary networks was carried out in Matlab using
the Brain Connectivity Toolbox (Rubinov and Sporns, 2010). Global
topological properties of characteristic path length, global efficiency,
and global betweenness-centrality (all reflecting functional integration;
Rubinov and Sporns, 2010), and clustering coefficient and small-
worldness (reflecting functional segregation and its relation to func-
tional integration; Rubinov and Sporns, 2010) were calculated
(Supplementary Methods) and averaged across costs for each subject.
Group comparison was carried out for each cost sub-range by permu-
tation test (100 000 iterations; P5 0.05) controlling for age, gender
and total grey matter volume (Supplementary Methods, grey matter
volume was provided by structural voxel-based morphometry ana-
lysis). Correspondingly, to analyse the topology of nodal connectivity,
nodal efficiency and centrality (represented by nodal degree and
betweenness-centrality; Rubinov and Sporns, 2010) were calculated
and compared across groups (permutation test, 100 000 iterations,
P5 0.05). One should note that, although efficiency, degree and
betweenness-centrality reflect different aspects of functional integra-
tion, they are not completely independent among each other (i.e. they
correlate significantly for specific nodes (Valente et al., 2008; Lynall
et al., 2010; Bassett et al., 2012; Zuo et al., 2012). Nodal analysis was
restricted to scores of centrality and efficiency within the low cost sub-
range (0.05–0.14) due to results of global property analysis. After
previous studies, false positive correction for N-node statistical com-
parison was applied using 1 / (amount of nodes) = 1 / 112 = 0.009 as
significance threshold (Lynall et al., 2010).
Partial correlation analysis for topology scores, number
of depressive episodes and current symptoms
To analyse the relationship of both the course of major depression and
current depressive symptoms with topological properties of nodal con-
nectivity independently of each other, we calculated the partial correl-
ation coefficients between topological scores and both the number of
depressive episodes and HAM-D scores in patients (P5 0.009, false
positive correction); partial correlation analysis was controlled for sev-
eral variables including particularly structural changes, medication and
disease duration (see below). Partial correlation analysis was used be-
cause it allows for measuring the degree of association between two
random variables (i.e. topological score and number of episodes), with
the effect of controlling variables removed (e.g. current symptoms
reflected by HAM-D). In more detail, the partial correlation between
a given topological score and the number of depressive episodes given
controlling variables Z = (HAM-D, age, gender, grey matter volume,
duration, medication), written as "(Top score, Number of depressive
episodes;$Z), is the correlation between the residuals R(Top score) and
R(Number of depressive episodes) resulting from the linear regression
of Top score with Z and of Number of depressive episodes with Z,
respectively. Therefore, a partial correlation-based approach enables
the analysis of the relationship between a topological property and
the course of major depression while controlling for the effect of cur-
rent symptoms and vice versa.
To control for potential confounding effects, we included age,
gender, grey matter volume, medication, accumulated stress, and dis-
ease duration as covariates-of-no-interest into our partial correlation
approach. First, the functional connectivity of intrinsic brain networks
depends on widespread structural integrity of polysynaptic pathways
(Lu et al., 2011). As we focus on changes of functional integration
among the whole brain network that are independent of structural
changes (MacQueen et al., 2003; Frodl et al., 2008; Kronmuller
et al., 2009), we included total grey matter volume scores as covari-
ate-of-no-interest in the above mentioned functional connectivity ana-
lyses to control for this influence of structural variations (for structural
changes in patients see voxel-based morphometry analysis in the
Supplementary Methods). Second, patients of our study were treated
by antidepressant medication, which has been demonstrated to affect
intrinsic functional connectivity (Delaveau et al., 2011). Therefore,
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control for medication effects is necessary. Different from antipsych-
otic drugs, which can be compared by chlorpromazine equivalents, no
comparable approach exists currently for antidepressants. We de-
veloped two ways to control for antidepressant effects and evaluated
them among each other and with previous findings: (i) we divided
applied antidepressants and augmentation medication into four classes
(selective serotonin reuptake inhibitor, serotonin-norepinephrine reup-
take inhibitor, noradrenergic and specific serotonergic antidepressants,
and atypical antipsychotics); then we defined a medication covariate
by the number of different classes a patient received in the partial
correlation analysis; (ii) in a validation analysis, we defined four cov-
ariates (i.e. one for each medication class) with numbers 1 or 0: 1
means the patient was treated by this medication class whereas 0
means they were not. Third, as we were interested in the relationship
between nodal connectivity topology and number of episodes inde-
pendent of disease duration and accumulated stress, we included dis-
ease duration and the number of episodes triggered by stressful life
events as additional covariates. Thereby we assume that the number
of such stress-triggered episodes reflects patient’s accumulated stress
relevant for depression course.
Results
Global and regional atrophy in patients
Patients’ total grey matter volume was reduced; regional brain
volume reduction was found in the anterior cingulate cortex,
dorsal prefrontal cortex, and hippocampus amongst other areas
(Supplementary Fig. 2 and Supplementary Table 2). This result is
in line with previous findings (Savitz and Drevets, 2009).
Aberrant global functional integration in
patients
For the first cost-sub-range from 0.05 to 0.14, all subjects had
small-worldness scores 41.22, demonstrating for all subjects
brain networks with small-world property (Supplementary Table
3). Across groups, small-worldness and global clustering coefficient
did not differ significantly (Fig. 1 and Table 2). In patients, global
efficiency was reduced, global betweenness-centrality and charac-
teristic path length were increased (Fig. 1 and Table 2). Cost range
analysis revealed that changes of global topological scores were
mainly driven by the low-cost sub-range (0.05–0.14), i.e. by con-
nections of strong functional connectivity (Fig. 1).
Aberrant nodal efficiency and centrality
in patients
Altered nodal centrality and efficiency of node-centred con-
nectivity was found for several regions in patients (Fig. 2 and
Table 3). In the striatum, patients had increased nodal between-
ness-centrality in the right putamen and decreased nodal degree
and efficiency in the caudate. In the frontal cortex, patients
had decreased nodal degree in the inferior frontal gyrus pars
triangularis and decreased nodal efficiency in the orbital gyrus.
Furthermore, patients had increased nodal degree in the
occipito-temporal cortex and decreased nodal betweenness-cen-
trality in the postcentral gyrus.
Depressive symptoms were associated
with the nodal connectivity topology of
areas known to be part of the salience
and default mode networks
To investigate the relationship among connectivity topology, dis-
ease course and depressive symptoms, we applied partial correl-
ation analysis of corresponding scores with additional covariates of
age, gender, grey matter volume, medication, accumulated stress
and disease duration. To control for medication effects, we used
two different ways to model medication influences; as results of
both models differed only marginally, we report only results of the
first model in which the number of medication classes adminis-
tered to the patient constituted the medication covariate. To fa-
cilitate comprehensive evaluation of partial correlation results, we
first examined the relationship among covariates by Pearson’s cor-
relation: HAM-D and the number of depressive episodes were not
correlated (r = 0.041, P = 0.844); number of depressive episodes
was correlated with disease duration (r = 0.784, P50.001), and
HAM-D with the number of medication classes administered to
the patient (r = 0.569, P = 0.003). No further covariate showed
significant correlation with number of depressive episodes or
HAM-D (P40.05). Additionally, total grey matter volume was
significantly correlated with age (r = %0.649, P = 0.0004) and dis-
ease duration was also correlated with age (r = 0.459, P = 0.021).
For partial correlation results regarding connectivity topology, crit-
ically, we found that patients’ HAM-D scores were negatively
correlated with nodal degree of the inferior frontal gyrus and posi-
tively correlated with nodal betweenness-centrality of the posterior
supramarginal gyrus (Table 4). The inferior frontal gyrus is a hub
of the salience network, and the posterior supramarginal gyrus of
the default mode network.
The number of depressive episodes is
associated with aberrant topology of
striatal connectivity independently of
current symptoms
In patients’ right putamen, the number of depressive episodes was
positively correlated with nodal efficiency of connectivity, inde-
pendently of current symptoms, medication status, disease dur-
ation and additional covariates (Fig. 3 and Table 4). In addition,
significant association between nodal degree of the nucleus
accumbens’ connectivity and number of depressive episodes was
found (Fig. 3 and Table 4).
Discussion
To analyse how the topology of the brain’s intrinsic functional con-
nectivity network is linked with the course of depressive episodes in
major depression, we applied resting-state functional MRI and
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graph-based network analysis in patients with recurrent major de-
pression, and healthy control subjects. We found selective
association between aberrant topology of the right putamen’s con-
nectivity and patients’ number of depressive episodes, independ-
ently of current depressive symptoms, medication status,
accumulated stress and disease duration. This result provides first
evidence that intrinsic functional network organization is linked with
the course of major depression, more specifically that the aberrant
topology of striatal connectivity is associated with the number of
episodes in depression. Data suggest that striatum’s connectivity
may interact with the course of depressive episodes, potentially
contributing to depressive relapse risk in major depression.
Aberrant topology of striatal
connectivity is associated with the
course of major depression
Topology of striatal connectivity was found to be associated with
the course of depressive episodes in patients with recurrent major
Figure 1 Global network topology in recurrent major depression. Group comparisons were based on permutation tests controlled for age,
gender, and grey matter, P50.05, 100 000 permutations. (A) For both groups of healthy control subjects (HC) and patients with
recurrent major depression (MDD), whole brain intrinsic functional connectivity networks had small-world architecture (41.22) for the
investigated cost range (0.05–0.50). Small-world properties decrease with increasing network costs. At the cost of 0.14, averaged small-
worldness was 1.77 in major depression and 1.83 in control subjects. (B and C) Small-worldness and global clustering coefficient were not
significantly different across groups. (D–F) Significant group differences were found for characteristic path length (P = 0.029), global
efficiency (P = 0.029), and global betweenness-centrality (P = 0.029) for the cost sub-range (0.05–0.14) (i.e. for networks of spatially
sparse but strong functional connectivity). *Significant group difference.
Table 2 Global topological network properties in recurrent major depression
Healthy controls Patients with MDD P-Value
Small-worldness 2.344 & 0.407 2.271 & 0.570 0.300
Global clustering coefficient 0.412 & 0.044 0.431 & 0.037 0.055
Characteristic path length 2.923 & 0.244 3.049 & 0.215 0.029*
Global efficiency 0.423 & 0.018 0.414 & 0.014 0.029*
Global betweenness-centrality 213.492 & 27.086 227.438 & 23.841 0.029*
Group comparisons: permutation tests (100 000 permutations); *Significant result for P50.05; group comparisons were controlled for age, gender, and total grey matter
volume. Global network scores are reported as mean and SD for cost sub-range 0.05-0.14. MDD = major depressive disorder.
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depression (Fig. 3, Tables 3 and 4). Specifically, we found a posi-
tive correlation between the number of episodes of major depres-
sion and nodal efficiency of right putamen intrinsic connectivity in
patients (Fig. 3 and Table 4). Right putamen’s centrality was sig-
nificantly increased in patients (Fig. 2 and Table 3), i.e. the stron-
ger the putamen’s hubness, the more depressive episodes. Both
efficiency and centrality (the latter comprising degree and
betweenness-centrality) reflect functional integration in the brain
i.e. the ability to rapidly combine information from distributed
brain regions (Bullmore and Sporns, 2009; Rubinov and Sporns,
2010). Furthermore, we found correspondent results for the ven-
tral striatum (Fig. 3 and Table 4) (i.e. we found a positive correl-
ation between nucleus accumbens’ centrality and the number of
depressive episodes), suggesting that the topology of whole stri-
atum’s connectivity is associated with the course of episodes in
major depression. Findings were not explained by age, gender,
medication effects or total grey matter changes, for which we
controlled statistically. Findings were also controlled for total dis-
ease duration and number of episodes triggered by stressful life
events, suggesting that specifically the number of episodes and
not disease duration or accumulated stress is linked with the top-
ology of striatal connectivity. Importantly, results were also con-
trolled for the degree of current symptoms, indicating that the
topology of striatal connectivity reflects major depression’s
course rather than its symptoms.
Between-group differences of nodal network topology included
bilateral caudate and right putamen (Fig. 2 and Table 3).
Putamen’s intrinsic functional connectivity pattern is preferentially
linked with the insula and anterior cingulate cortex, i.e. with key
regions of the salience network, whereas the caudate’s connect-
ivity links more with areas of the default mode network (such as
the medial prefrontal and posterior cingulate cortex) (Di Martino
et al., 2008). Both salience and default mode networks are
strongly involved in major depression (Greicius et al., 2007;
Sheline et al., 2010; Hamilton et al., 2011; for review Whitfield-
Gabrieli and Ford, 2012; Hamilton et al., 2013). A previous study
reported increased putamen and caudate centrality/efficiency in
first-episode major depression patients (Zhang et al., 2011).
Concerning putamen we found consistent results in patients with
recurrent major depression, and concerning caudate we found
reduced centrality and efficiency in patients with recurrent major
depression. It might be that within the dorsal striatum, network
topology of sub-areas (like putamen and caudate) develops dis-
tinctively in the course of recurrent major depression potentially
because of a specific intrinsic connectivity pattern (see further
Table 3 Nodal network topology in recurrent major depression
Lobe Node / Region of
interest
Side Mode Healthy controls Patients with MDD P-Value
Patients with MDD4Healthy controls
Subcortical Putamen R BC 175.898 & 126.037 346.133 & 230.110 50.001
Occipital Intracalcarine cortex R Deg 7.672 & 4.071 11.031 & 4.838 0.006
L Deg 7.615 & 4.095 12.446 & 5.376 50.001
Lingual gyrus R Deg 8.649 & 4.593 12.801 & 6.334 0.005
Patients with MDD5Healthy controls
Subcortical Caudate R Enodal 0.390 & 0.071 0.319 & 0.088 0.002
L Deg 9.162 & 5.632 5.071 & 4.237 0.002
Enodal 0.402 & 0.074 0.325 & 0.081 0.001
Frontal Frontal orbital cortex L Enodal 0.462 & 0.048 0.417 & 0.059 0.003
Inferior frontal gyrus,
pars triangularis
R Deg 10.010 & 5.859 6.158 & 3.543 0.003
Sensorimotor Postcentral gyrus R BC 234.044 & 154.870 138.132 & 78.231 0.004
Group comparisons: permutation tests (100 000 permutations); reported results are significant for P50.009 based on false positive correction for multiple testing; group
comparisons were controlled for age, gender and total grey matter volume. Nodal network scores are reported for cost sub-range 0.05-0.14 as mean and SD. MDD = major
depressive disorder; R = right; L = left; BC = nodal betweenness-centrality; Deg = nodal degree; Enodal = nodal efficiency.
Figure 2 Brain regions with aberrant nodal efficiency and cen-
trality in recurrent major depression. Group comparisons were
based on permutation tests controlled for age, gender and grey
matter volume, P50.009 based on false positive correction for
multiple testing, 100 000 permutations. Coloured regions indi-
cate significantly changed nodal intrinsic functional connectivity
network topology (i.e. nodal efficiency or centrality) in patients.
Blue/red indicates decrease/increase of a topological property in
patients. For more details see Table 3. L = left; R = right. This
figure was visualized with the BrainNet Viewer (http://www.
nitrc.org/projects/bnv/).
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support for this argument below). However, we cannot exclude
the potential influence of methodological differences between the
previous and our study [e.g. Zhang et al. (2011) applied a brain
atlas different from that of our study; such atlas-based parcellation
change may shift the network topology result; Wang et al.
(2009)]. Future studies, which should be designed to study expli-
citly data of both first and recurrent episode major depression, are
necessary to compare directly network topology changes within
one methodological framework.
Two lines of research highlight the importance of the striatum
(particularly of the right putamen) for major depression: (i)
Impaired emotion processing in major depression: a recent meta-
analysis in major depression, which integrated PET-based meta-
bolic resting-state findings with functional MRI data of emotional
stimulation, found that patients’ aberrant striatal activity might
prevent critically the regulatory impact of the prefrontal cortex
on increased emotional processing in limbic-insular areas
(Hamilton et al., 2012). The authors suggest that changes of stri-
atal connectivity (particularly of the dorsal striatum) may contrib-
ute to this regulatory deficit, potentially because of lowered striatal
dopamine levels (Hamilton et al., 2012). Our result is consistent
with this idea, highlighting explicitly the important role of increas-
ingly changed topology of striatal connectivity for the course of
major depression; and (ii) Impaired emotional learning in major
depression: furthermore, dopamine-dependent striatal activity is
essential for reinforcement learning (Liljeholm and O’Doherty,
2012). This type of learning is impaired in major depression
(Eshel and Roiser, 2010). For example, during reversal learning,
right putamen responses for unexpected reward were selectively
reduced in patients with major depression (Robinson et al., 2012).
The authors suggest that a reward-related dysfunction of the right
putamen within a striatum-centred prefrontal-limbic circuit may
inhibit the learning of appreciating and enjoying positive life ex-
perience; such positive experience, in turn, is critical for depressive
Figure 3 Association between striatal connectivity topology and number of depressive episodes in patients with recurrent major de-
pression, independently of current symptoms and disease duration. Partial correlation analysis of nodal topological scores and number of
depressive episodes, including additional covariates of current symptoms, age, gender, grey matter brain volume, medication effects and
disease duration, P50.009 based on false positive correction for multiple testing. Scatter plots reflect significant correlations between
different striatal network scores and the number of depressive episodes in patients with recurrent major depression.
Table 4 Nodal network topology: partial correlation with depressive symptoms (HAM-D) and major depression course
(number of depressive episodes), respectively
Lobe Node / Region of interest Side Mode r-Value P-value
Association between nodal network topology and depressive symptoms
Frontal Inferior frontal gyrus, pars triangularis R Deg %0.614 0.005
Parietal Supramarginal gyrus, posterior division R BC 0.688 0.001
Association between nodal network topology and number of depressive episodes
Subcortical Putamen R Enodal 0.588 0.008
Accumbens R Deg 0.586 0.008
Partial correlation analyses were corrected for age, gender, total grey matter volume, disease duration, and medication effects; reported results are significant for P50.009
based on false positive correction for multiple comparison. Regional network scores are based on cost sub-range 0.05–0.14. R = right; L = left; Deg = nodal degree;
Enodal = nodal efficiency; BC = nodal betweenness-centrality.
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recovery. Our result is consistent with this idea, specifying that
right putamen’s connectivity topology might be relevant for such
adaptive processes in major depression. In summary, aberrant top-
ology of striatal connectivity and its link with the course of de-
pressive episodes are consistent with models of impaired emotion
regulation and dopamine-dependent reward learning in major
depression.
Aberrant topology of striatal
connectivity and depressive relapse risk
Aberrant topology of striatal connectivity might be a potential
mechanism to mediate the relapse risk in major depression.
Depressive episodes are associated with both the change of net-
work topology (Figs 1 and 2) and the increase of episode relapse
risk (Hardeveld et al., 2010). Here we found that the amount of
episodes is specifically linked with aberrant topology of striatal
connectivity (Fig. 3). This link suggests striatal topology as
neural correlate for the course of episodes in major depression,
and therefore of episode relapse. This argument makes topology
of striatal connectivity a potential biomarker to evaluate depressive
recurrence risk.
Aberrant nodal network topology in
areas of the salience network is
associated with current depressive
symptoms
Beyond the striatum, aberrant nodal centrality and efficiency was
found in the inferior frontal gyrus, the orbitofrontal cortex as well
as in the occipital and somatosensory cortex (Fig. 2 and Table 3).
This finding was not influenced by age, gender, medication status,
or total grey matter reduction. With respect to affected regions,
our result matches perfectly previous findings in first-episode
major depression (Zhang et al., 2011); as mentioned above for
the caudate, the direction of changes was different for some re-
gions (e.g. patients’ lingual or calcarine centrality was reduced in
the previous but increased in our study). Nodal degree and
efficiency of inferior frontal gyrus’ and posterior supramarginal
gyrus’ connectivity, respectively, was specifically associated with
depressive symptoms measured by the HAM-D (Table 4). These
areas are key regions of the salience and default mode network,
which both are critically involved in depressive symptoms such as
rumination or aberrant emotional reactivity (Greicius et al., 2007;
Sheline et al., 2010; Hamilton et al., 2011, 2013; Whitfield-
Gabrieli and Ford, 2012). Aberrant network topology and the as-
sociation of network topology with depressive symptom severity
overlapped in the inferior frontal gyrus of the salience network
(Tables 3 and 4). This result suggests that topological changes
of the cortical salience network reflect major depression symp-
toms, whereas those of the subcortical striatum are associated
with the course of major depression. This finding is in line with
the more general idea about cortex-basal-ganglia (including stri-
atum)-thalamus-cortex loops, where the cortex itself initially gen-
erates action/cognition/affective candidates, between which the
basal ganglia then arbitrate (likely based on their learned
reinforcement probabilities) to facilitate (gate) the ‘best’ one (for
review see Maia and Frank, 2011).
Aberrant global network topology in
recurrent major depression: impact on
the backbone network
Concerning global topology of functional connectivity, we found
selectively aberrant functional integration (decreased global effi-
ciency and increased global betweenness-centrality) in patients,
whereas other topological properties (small-worldness and cluster-
ing coefficient) were not significantly different across groups
(Fig. 1 and Table 2). In general, global topological scores are
derived from correspondent nodal scores by different forms of
averaging. Because of the correspondence of decreased global
efficiency/decreased caudate efficiency and increased global
betweenness-centrality/increased putamen betweenness-central-
ity, selective reorganization of global functional integration
seems to depend mainly on the reorganization of striatal connect-
ivity in major depression, emphasizing the prominent role of stri-
atal connectivity in recurrent major depression.
Furthermore, changes of global network topology are driven by
low-cost networks i.e. by networks that include edges of particu-
larly strong intrinsic functional connectivity. Across investigated
cost-sub-ranges, significant group differences of network topology
focus on the cost-sub-range of 0.05–0.14, which is related to
sparse networks and strong connectivity (Fig. 1). This means
that recurrent major depression is selectively associated with
changes in widespread (whole brain) strong (top 14%) functional
connections, which are supposed to constitute the backbone of
the brain network. Previous studies found that backbone networks
consist mainly of both network hubs and strong long-distance
edges (Serrano et al., 2009; van den Heuvel et al., 2012;
Markov et al., 2013). Correspondingly, we found global and
nodal centrality, which are both related to such hubness, to be
altered in patients. Taken together, these data indicate that major
depression is particularly associated with changes in the brain’s
backbone network.
Methodological issues and limitations
To evaluate results of the current study appropriately, some meth-
odological issues have to be considered. Issues concerning patient
sample and chosen graph approach are discussed below and,
issues concerning study design and imaging data analysis are dis-
cussed in the Supplementary Discussion.
Medication
Patients in our study were treated by antidepressant medication.
Although recent studies suggest that antidepressants normalize
brain function (Anand et al., 2005; Fu et al., 2007; Heller et al.,
2013), the impact of antidepressants on intrinsic functional con-
nectivity is so far incompletely understood (Bruhl et al., 2010;
Delaveau et al., 2011). To control for potential impact of medi-
cation, we modelled medication effects and added corresponding
covariates into statistical analyses. As no canonical way to account
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for antidepressants effects is available, we tested two different
models, which yielded almost identical results. Further, we found
that medication status was associated with the degree of current
symptoms but not with the number of episodes, suggesting that at
least during a current episode the amount of applied antidepres-
sants is independent of the previous disorder course but depend-
ent on symptom severity. In summary, these findings and the
coherence of our results with previous studies (Zhang et al.,
2011; Wang et al., 2013), suggest that medication may not crit-
ically influence results of our study. Nevertheless, data should be
interpreted carefully because of potential medication confounds.
Future studies in non-medicated patients are necessary; however,
such studies in drug-free patients of recurrent major depression
might implicate strong practical and ethical problems.
Binary graph approach
In this study, instead of weighted graphs, the binary undirected
graph-based framework was used to analyse the brain’s intrinsic
functional connectivity network. Binary undirected graphs are
defined by edges of either 1 or 0 (i.e. they reflect the presence
or absence of connections due to a given threshold), whereas
weighted graphs reflect connection strengths by continuous
edge scores (Rubinov and Sporns, 2010). The binary approach
was chosen for the following reasons: (i) Backbone network and
weaker connection analysis: in contrast to weighted graph
approaches (Rubinov and Sporns, 2011), binary approaches
enable a cost analysis (i.e. an edge density analysis) to evaluate
separately the brain’s backbone network (defined by strongest
edges for all nodes) and the influence of weaker connections
(i.e. edges of weaker connectivity strength) on network topology.
In particular, we found that major depression is associated with
changes in the backbone network; (ii) Comparability between
binary and weighted graph approaches: cost integration within
binary approaches (i.e. averaging of graph metrics across costs)
provides results that are comparable with those derived from
weighted graph approaches (Ginestet et al., 2011); and (iii)
Comparability with other studies: previous studies of brain net-
work topology in major depression relied on binary undirected
graphs (Jin et al., 2011; Zhang et al., 2011; Tao et al., 2013).
We used the same framework to enable comparisons among
studies. Nevertheless, it should be noted that weighted
approaches conserve more information about the whole distribu-
tion of edge weights than binary approaches do. Future comple-
mentary studies using weighted graphs might be helpful to
understand more comprehensively brain organization changes in
major depression.
Conclusion
In recurrent major depression aberrant topology of striatal con-
nectivity is associated with the course of depressive episodes in-
dependently of current symptoms, medication status, accumulated
stress, and disease duration. Therefore, the topology of striatum’s
intrinsic connectivity may have the potential to predict episode
relapse risk in major depression.
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Amyloid-β pathology (Aβ) and impaired cognition characterize
Alzheimer’s disease (AD); however, neural mechanisms that link
Aβ-pathology with impaired cognition are incompletely understood.
Large-scale intrinsic connectivity networks (ICNs) are potential can-
didates for this link: Aβ-pathology affects speciﬁc networks in early
AD, these networks show disrupted connectivity, and they process
speciﬁc cognitive functions impaired in AD, like memory or attention.
We hypothesized that, in AD, regional changes of ICNs, which
persist across rest- and cognitive task-states, might link Aβ-path-
ology with impaired cognition via impaired intrinsic connectivity.
Pittsburgh compound B (PiB)-positron emission tomography reﬂect-
ing in vivo Aβ-pathology, resting-state fMRI, task-fMRI, and cognitive
testing were used in patients with prodromal AD and healthy con-
trols. In patients, default mode network’s (DMN) functional connect-
ivity (FC) was reduced in the medial parietal cortex during rest
relative to healthy controls, relatively increased in the same region
during an attention-demanding task, and associated with patients’
cognitive impairment. Local PiB-uptake correlated negatively with
DMN connectivity. Importantly, corresponding results were found for
the right lateral parietal region of an attentional network. Finally,
structural equation modeling conﬁrmed a direct inﬂuence of DMN
resting-state FC on the association between Aβ-pathology and cogni-
tive impairment. Data provide evidence that disrupted intrinsic
network connectivity links Aβ-pathology with cognitive impairment
in early AD.
Keywords: amyloid plaques, impaired cognition, intrinsic connectivity
networks, PiB-PET, prodromal Alzheimer’s disease, resting-state fMRI,
task-fMRI
Introduction
Alzheimer’s disease (AD) is the most common cause of demen-
tia, accounting for about 60% of cases (Ferri et al. 2005). AD is
characterized by progressive cell loss and deposition of neuro-
ﬁbrillary tangles and amyloid-β (Aβ) plaques (AP; Braak et al.
1993; Hansson et al. 2006). The Aβ hypothesis of AD suggests
that abnormal cleavage of Aβ-precursor protein results in the
imbalanced production and clearance of Aβ-peptides, includ-
ing peptide accumulation and AP formation. Aβ-pathology, in
turn, triggers neural dysfunction and degeneration (i.e., tangle
formation and cell loss), ﬁnally resulting in patients’ cognitive
impairment (Selkoe 2002). This model raises the question of
which neural mechanisms are involved in the translation of
Aβ-pathology into cognitive impairments.
Intrinsic connectivity networks (ICNs) are characterized by
synchronous ongoing brain activity at infra-slow frequency of
about 0.1 Hz (Fox and Raichle 2007). They are functional net-
works, that is, the same regions, whose ongoing activity is co-
herent in non-task-states, largely co-activate during task-states,
suggesting that intrinsic networks implement speciﬁc aspects
of cognition and behavior (Smith et al. 2009; Laird et al. 2011).
One explanation for this functional aspect of intrinsic net-
works is that functional connectivity (FC) at rest reﬂects the
history of correlated activity changes during goal-directed be-
havior (Lewis et al. 2009; Berkes et al. 2011; Riedl et al. 2011).
ICNs are selectively disrupted in AD and in mild cognitive im-
pairment (MCI), a high-risk state for AD (Gauthier et al. 2006),
with the earliest disruptions occurring in default mode and
attention networks (DMN and ATN; Greicius et al. 2004; Sorg
et al. 2007, 2009; Agosta et al. 2012). While the DMN, which
covers medial fronto-parietal areas, activates when attention is
not focused on the outside world and deactivates during world-
focused attention (Buckner et al. 2008), ATNs, which cover
lateral fronto-parietal areas, are more active during world-
focused attention and goal-directed behavior (Corbetta and
Shulman 2002). We use the term ATN in line with Allen et al.
(2011) referring to a couple of networks such as the dorsal or
ventral ATN or lateralized central executive networks, all being
located in frontal and parietal lobes (Allen et al. 2011). Aberrant
resting-state FC of both DMN and ATNs overlaps and is related
with Aβ-pathology in older persons with and without cognitive
symptoms, suggesting a signiﬁcant relationship between Aβ-
pathology and network impairments (Hedden et al. 2009;
Sheline et al. 2010; Drzezga et al. 2011; Mormino et al. 2011;
Myers et al. 2014). Given both the cognitive relevance of intrin-
sic networks and the correspondence between aberrant intrinsic
connectivity and Aβ-pathology, there is reason to assume that
aberrant ICN FC might be a relevant mechanism linking Aβ-
pathology with impaired cognition in AD.
Initial evidence for this assumption has been found for the
DMN in patients and asymptomatic older adults, showing an as-
sociation of increased Aβ with higher DMN activity during a
memory task (Sperling et al. 2009). However, it is still unclear
whether ICNs beyond the DMN show a similar correspondence
between Aβ-pathology, aberrant intrinsic FC, impaired task-
related activity, and impaired behavior in a task that recruits that
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network. Considering that the DMN and ATNs cover regions
with aberrant task-evoked activation and FC in AD dementia
and MCI for a huge range of attention-demanding tasks (e.g.,
Dannhauser et al. 2005; Rombouts et al. 2005; Celone et al.
2006; Petrella et al. 2007; Sperling et al. 2010; Neufang et al.
2011; Mandal 2012), we hypothesized, ﬁrst, spatially consistent
changes in FC across both attention-demanding task- and rest-
states in DMN and ATNs in AD. Regions showing such across
task and rest consistent changes should be regions that are most
strongly affected by the disease, and therefore potential candi-
dates for proposed linking mechanisms via aberrant intrinsic
FC. Therefore, we suggested, secondly, that these regions would
link impaired network FC, Aβ-pathology, and impaired cogni-
tion in AD.
Materials and Methods
Overview
To address the study’s hypotheses, we assessed patients with pro-
dromal AD (pAD; i.e., with MCI and biological signs of AD) and
healthy older adults by resting-state functional MRI (rs-fMRI) to iden-
tify ICNs, task-fMRI (i.e., an attention-demanding task with different
difﬁculty levels) to reveal ICN changes regionally consistent for
attention-relevant task- and rest-states, positron emission tomography
(PET) imaging using the tracer [11C]-Pittsburgh compound B
(PiB-PET) to estimate Aβ-pathology in vivo via PiB-uptake, and neuro-
psychological assessment to estimate general cognitive performance.
Independent component analysis (ICA) of fMRI data was used to quan-
tify the networks’ FC pattern during rest and task as a surrogate
measure of ICN connectivity. ICA decomposes fMRI data into statistic-
ally independent components with each component consisting of both
a spatial z-map, which represents network’s FC pattern across space,
and a time course, which represents network’s activity across time.
Z-maps of rest- and task-states were the main outcome measures of the
study representing FC, and were related to each other, to regional
PiB-uptake, and to cognitive performance scores via pairwise correl-
ation and structural equation modeling (SEM). The study’s hypotheses
were speciﬁed as follows: (i) Aberrant FC is spatially consistent across
states of rest and the cognitive task in DMN and ATNs. (ii) Resting-state
FC of such overlapping regions relates with both PiB-uptake and im-
paired cognition. Speciﬁcally, we expected resting-state FC to mediate
the association between PiB-uptake and cognition.
Participants
Assessment
Twenty-four patients (10 females, age range 50–83 years) diagnosed
with pAD and 16 healthy controls (9 females, age range 57–75 years)
participated in the study (Table 1). All participants provided informed
consent in accordance with the Human Research Committee guidelines
of the Klinikum Rechts der Isar, Technische Universität, München.
Patients were recruited from the Memory Clinic of the Department of
Psychiatry, controls by word-of-mouth advertising. Examination of
every participant included medical history, neurological examination,
informant interview (Clinical Dementia Rating, CDR; Morris 1993),
neuropsychological assessment (Consortium to establish a registry for
AD, CERAD battery; Morris et al. 1989), structural MRI, and PiB-PET.
Deﬁnition of pAD
pAD has been deﬁned by the coincidence of both MCI and the presence
of at least 1 of 5 supportive biological signs for AD such as medial tem-
poral lobe atrophy or signiﬁcant PiB-load (Dubois et al. 2007). Follow-
ing this deﬁnition, we focused on the presence of MCI and signiﬁcant
PiB-uptake. MCI criteria include reported and neuropsychologically as-
sessed cognitive impairments, largely intact activities of daily living, and
excluded dementia (Gauthier et al. 2006). For signiﬁcant PiB-uptake, we
used a cut-off for “high” or “low” standardized uptake value (SUV) ratios
of 1.15, consistent with cut-off values used in previous PiB-PET studies
(Drzezga et al. 2011). Patients with high PiB binding (i.e., SUV ratio
≥1.15) were classiﬁed as PiB-positive and those with SUV ratio <1.15
were classiﬁed as PiB-negative (i.e., PiB-uptake SUV <1.15 was an inclu-
sion criterion for healthy controls). Standardized SUV is measured for a
pre-established large cortical volume of interest including lateral pre-
frontal, parietal, and temporal areas and the retrosplenial cortex, which
are described in more detail below (see PET methods) and in Supple-
mentary Material (Supplementary Fig. 1) (Hedden et al. 2009; Drzezga
et al. 2011). One should note that our deﬁnition of pAD goes along with
recent recommendations of a workgroup charged by the National Insti-
tute on Aging and the Alzheimer’s Association (Albert et al. 2011),
which suggested to differentiate between MCI (i.e., the presence of core
clinical criteria for MCI, based on the characteristics of the clinical syn-
drome, and an examination of potential etiologic causes for the cogni-
tive decline), MCI due to AD with an intermediate likelihood (i.e., the
presence of core clinical criteria for MCI, either a positive biomarker re-
ﬂecting Aβ deposition with an untested biomarker of neuronal injury, or
a positive biomarker reﬂecting neuronal injury with an untested bio-
marker of Aβ), MCI due to AD with a high likelihood (i.e., the presence
of core clinical criteria for MCI, positive biomarkers for both Aβ and
neuronal injury), and MCI unlikely due to AD (i.e., negative biomarkers
for both Aβ and neuronal injury).
In- and Exclusion Criteria
Patients of our study met criteria for MCI and demonstrated signiﬁcant
cortical PiB-uptake (PiB-positive). Healthy controls met criteria of being
both without cognitive symptoms (i.e., CDR 0 and all CERAD subscores
within 1 SD of age- and gender-matched performance) and PiB-
negative. Exclusion criteria for entry into the study were other neuro-
logical, psychiatric, or systemic diseases (e.g., stroke, depression, and al-
coholism) or clinically remarkable structural MRI (e.g., stroke lesions)
potentially related to cognitive impairment. Fifteen patients/8 healthy
controls were treated for hypertension (beta-blockers, ACE inhibitors,
and calcium channel blockers), and 7/5 for hypercholesterolemia
(statins). Two patients had diabetes mellitus, 4 received antidepressant
medication (Mirtazapine and Citalopram), and no patient received
cholinesterase inhibitors.
Multimodal Imaging Assessment
All participants underwent both MRI and PiB-PET imaging sessions.
MRI session included structural MRI, rs-fMRI, and task-fMRI. PET and
MRI sessions were conducted within 3.7 (±2.5) months for patients,
and within 8 (±3.1) months for healthy controls.
Functional MRI Analysis
Resting-State Paradigm
During rs-fMRI (10 min), participants were instructed to keep their
eyes closed and not to fall asleep. We veriﬁed that participants stayed
awake by interrogating via intercom immediately after scanning.
Table 1
Demographic and clinical–neuropsychological data
Groups
Patients Controls
N 24 16
Age 68.2 (8.4) 64.8 (5.4)
Gender (F/M) 10/14 9/7
CDR 0.5 (0) 0 (0)*
CDR-SB 1.6 (0.5) 0 (0)*
CERAD-total 66.3 (10.8) 88.1 (6.8)*
CDR: Clinical Dementia Rating; CDR-SB: CDR sum-of-the-box; CERAD: battery of the Consortium to
Establish a Registry for AD; CERAD-total: summary of CERAD subtests; group comparisons: χ2
(gender), two-sample t-test (age, CDR, CDR-SB, and CERAD-total).
*Signiﬁcant group difference at P< 0.05.
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Behavioral Paradigm
During task-fMRI, participants underwent an attention-demanding
task with different difﬁculty levels (and therefore varying attention
demands). We employed a visuo-motor dual-task paradigm with the
aim of taxing central executive processing via orthogonal task
demands (for detailed task description, please refer to Supplementary
Material). By using a full factorial design with independently varying
levels of difﬁculty in the visual and motor domains, we aimed to para-
metrically modulate task difﬁculty in a design that was still straight-
forward enough for patients to follow and perform at above-chance
levels, even in the most difﬁcult condition (in contrast, a more conven-
tional task, such as typical working memory task with increasing load,
could easily have brought patients to chance performance in the difﬁ-
cult conditions). We analyzed accuracy (ACCR) and reaction time (RT)
data using a two-way mixed-effects ANOVA, with factors group (2
levels) and task difﬁculty (4 levels). The current analysis aims at the
relationship between networks’ FC during both being at rest and at an
attention-demanding task state.
Data Acquisition
fMRI data were collected using a gradient-echo planar imaging se-
quence (echo time = 35 ms, repetition time = 2000 ms, ﬂip angle = 82°,
ﬁeld of view = 220 × 220 mm², matrix = 80 × 80, 32 slices, slice
thickness = 4 mm, and 0 mm interslice gap).
Data Preprocessing
For each participant, the ﬁrst 3 functional scans of each fMRI session
were discarded due to tissue magnetization effects. SPM5 (Wellcome
Department of Cognitive Neurology, London, UK) was used for motion
correction, spatial normalization into the Montreal Neurological Insti-
tute (MNI) space, and spatial smoothing with an 8 × 8 × 8 mm Gaussian
kernel. To ensure data quality, particularly concerning motion-induced
artifacts, point-to-point head motion was estimated for each subject
(Power et al. 2012; Van Dijk et al. 2012). Excessive head motion (cumu-
lative translation or rotation >3 mm or 3° and mean point-to-point
translation or rotation >0.15 mm or 0.1°) was applied as an exclusion
criterion. For rs-fMRI, none of the participants had to be excluded. For
task-fMRI, 1 healthy control and 7 patients had to be removed from the
analysis due to excessive movement (n = 5) or technical problems
(n = 3), respectively. For both rs- and task-fMRI data, two-sample
t-tests between groups yielded no signiﬁcant results regarding transla-
tional and rotational movements of any direction (P > 0.05).
ICA and Measuring FC
Preprocessed data were decomposed into spatially independent com-
ponents reﬂecting ICNs in a group-ICA framework (Calhoun et al.
2001), which is implemented in the GIFT software (http://icatb.
sourceforge.net). Dimensionality estimation was performed for each
individual dataset using minimum description length, resulting in a
mean estimate of 35 (rs-fMRI)/59 (task-fMRI) components. For rs- and
task-fMRI, data of controls and patients were concatenated and
reduced by two-step principal component analysis, followed by inde-
pendent component estimation with the infomax algorithm. This re-
sulted in 2 sets of average group components for both fMRI runs,
which were subsequently back-reconstructed into single-subject space.
For each subject and fMRI run, each component included both a spatial
map, which reﬂected that component’s z-scored FC pattern across
space, and a time course, which reﬂected the component’s activity
across time. Only spatial maps were analyzed further.
According to previous ﬁndings of aberrant medial and lateral fronto-
parietal ICNs in early stages of AD (Sorg et al. 2007, 2009; Neufang
et al. 2011; Agosta et al. 2012), the DMN and attentional ICNs were of
interest (Allen et al. 2011). To automatically select ICNs-of-interest, we
applied multiple spatial regression analyses of the 35 (rs-fMRI)/59
(task-fMRI) independent components on masks derived from a previ-
ous study (Allen et al. 2011): The anterior and posterior DMN (aDMN
IC 25 and pDMN IC 53 of Allen et al. 2011), ATNs (r(ight) ATN IC 60, l
(eft) ATN IC 34, and d(orsal) ATN IC 72), salience network (IC 55 of
Allen et al. 2011), and the primary auditory network (IC 17 of Allen
et al. 2011) as a control for the speciﬁcity of effects. Masks were
generated with the WFU-Pickatlas (http://www.fmri.wfubmc.edu/). In
order to evaluate consistency of selected ICNs across rest and task con-
ditions, we created templates from identiﬁed resting-state networks in a
whole group approach [P < 0.05, family-wise error (FWE) cluster-
corrected], related these masks spatially with the 59 components of the
task ICA analysis again by spatial regression as implemented in the gift
toolbox, and—to foreshadow results—found consistent ICNs with
respect to the above-mentioned procedure (i.e., the IC selection proced-
ure based on templates of Allen et al. identiﬁed consistent ICNs across
rest and task; for correlation coefﬁcients see Supplementary Table 4).
Across-Subject Statistical Analysis
To statistically evaluate spatial maps of selected components, we calcu-
lated voxel-wise one-sample t-tests on participants’ spatial z-maps for
each condition and group, using SPM5 (P < 0.05, FWE cluster-corrected).
To analyze group differences, corresponding spatial maps were entered
into two-sample t-tests (P < 0.05, FWE cluster-corrected, with network
volumes as covariates of no interest; for details of network volume deﬁn-
ition see below and Supplementary material “voxel-based morphometry
of structural MRI”); these two-sample t-tests were restricted to appropri-
ate one-sample t-test masks across all participants (P < 0.01, uncorrect-
ed). For volumes and networks deﬁned by overlapping group different
FC for rest- and task-states (i.e., in the pDMN and rATN, see Supplemen-
tary Table 1 and Fig. 2), z-maps were averaged for each subject and con-
dition, and compared across conditions via paired t-tests for each group
(P < 0.05; restricted to subjects with both rest- and task-fMRI data).
Control Analysis for Atrophy
To control for the inﬂuence of potential atrophy on FC of networks,
structural changes were estimated by the use of voxel-based morphom-
etry (VBM) of structural MRI data, which are described in detail in Sup-
plemental Material and elsewhere (Myers et al. 2014). In brief, by the
use of VBM, images were bias-corrected, tissue classiﬁed, linearly
(i.e., 12-parameter afﬁne registration) and non-linearly (i.e., warping
regularization) registered, and smoothed with a Gaussian kernel of 8
mm full-width at half maximum. Voxel-wise gray matter differences
between patients and controls were examined using two-sample t-tests
(P < 0.05, FWE cluster-corrected), and related with spatial patterns of
aberrant FC via visual inspection. Moreover, gray matter values were
extracted from those networks showing FC group differences consist-
ent across rest and task conditions, and entered as covariates into
resting-state FC group comparisons.
PiB-PET Data Analysis
To evaluate the relationship between resting-state FC and PiB-uptake, re-
gional PiB-uptake was estimated from PiB-PET data, following previous
protocols (Mosconi et al. 2008) and described in detail in Supplemental
Material. In brief, after image reconstruction, correction of dead time,
scatter and attenuation, SPM5 was used for image realignment, trans-
formation into the standard stereotactic MNI space, smoothing, and stat-
istical analysis (two-sample t-test, P < 0.001, cluster extent k = 100).
Relationship among Intrinsic Networks, PiB-Uptake,
and Cognition
Regression Analyses
As we found spatially consistent group differences during rest and task
for the pDMN and rATN in the medial and lateral posterior parietal
cortex (PPC), respectively (Supplementary Table 1 and Fig. 2), the fol-
lowing analyses focused on these regions. Since spatial overlap of
altered rest- and task-FC was small at a conservative threshold (i.e., P <
0.05, FWE cluster-corrected; Supplementary Table 1) but enlarged
strongly at a more liberal threshold (P < 0.05; Fig. 2), data suggested that
consistently changed FC might be underestimated (for example, ICA of
across groups merged fMRI data may underestimate group differences
in the FC of networks). Therefore, we decided, ﬁrst, to use more liberal
thresholds for unimodal group comparisons with the effect of an en-
larged volume of interest of potential candidates to link Aβ-pathology
with impaired cognition via intrinsic FC and, then, to combine such
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enlarged volume with a complementary voxel-wise multiple regression
approach to relate resting-state FC with impaired cognition/PiB-uptake
in patients. The combination of volume-of-interest enlargement by
liberal “entrance” thresholds and subsequent voxel-wise regression
analysis is complementary, since voxel-wise approaches are sensitive for
intraregional variability within enlarged volumes of interest without loss
of statistical rigor. In a nutshell, our procedure increased the number of
potential candidates, whose resting-state FC may relate with both
Aβ-pathology and impaired cognition.
More speciﬁcally, to deﬁne an overlap region that includes all poten-
tial voxels of aberrant rest- and task-FC at high probability, we chose a
liberal threshold of P < 0.2 for unimodal comparisons by minimizing the
amount of Type II error, and deﬁned the overlap volume by the use of
MARSBAR (Brett et al. 2002). Based on this volume, voxel-wise regres-
sion analyses linking patients’ rest-FC with local PiB-uptake/cognitive
scores were performed. For voxel-wise regression analysis, we followed
Mormino et al. (2011), who used such an approach to relate FC and
PiB-uptake. For regression analyses, we used a threshold of P < 0.05 un-
corrected with a cluster extent threshold of k = 40. This liberal signiﬁ-
cance threshold was chosen due to 3 reasons: (1) We tested a regionally
speciﬁc hypothesis (i.e., for consistently changed FC, patients’ reduced
resting-state FC is related with both increased PiB-uptake and reduced
cognitive performance) instead of exploratory whole-brain analysis. (2)
For PiB-uptake in posterior parietal areas of pAD, liberal thresholds
have to be applied as patients may show strong ceiling effects in the PiB
analyses (i.e., PiB-uptake values were very high with a small intersub-
ject variance; Engler et al. 2006; Grimmer et al. 2009). (3) The chosen
threshold is similar to that of Mormino et al. (2011).
To analyze the relationship between pDMN/rATN FC at rest and
local PiB-uptake, PiB-uptake scores were averaged for each overlap-
region of interest (ROI). Subsequently, patients’ averaged PiB-uptake
scores were treated as a continuous variable and regressed voxel-wise
against pDMN/rATN FCmaps in SPM.
To analyze the relationship between pDMN/rATN FC and cognitive
performance, we performed analogous regression analyses of pDMN/
rATN spatial maps (as just described), but with regressors reﬂecting
cognitive performance instead of PiB-uptake. To ensure consistent
results, we used 2 different scores of cognitive performance. First, we
used the accuracy results of the task-fMRI paradigm. More speciﬁcally,
we used the error rate difference between the easiest and the most dif-
ﬁcult conditions (ACCR 4−ACCR 1) as a regressor to account for vari-
ance predictive of success in our particular task. Secondly, we used
CERAD total scores as a regressor, reﬂecting general cognitive impair-
ment (Karrasch et al. 2005).
To control for the network speciﬁcity of the reported effects, analo-
gous analyses as described above were performed for the auditory
network. To create a control-ROI correspondent to the overlap-ROI,
we deﬁned the control-ROI center by the peak of the auditory net-
work’s group difference for the resting-state condition; as a ROI radius,
we deﬁned the minimal length that enabled the spherical control ROI
volume to cover given overlap-ROI volumes.
SEM Analysis
Finally, beyond pairwise voxel-wise regression analyses linking
between levels of Aβ-pathology, FC, and cognition, we also investi-
gated within one integrated analytic approach whether aberrant ICN
connectivity mediates or moderates the effects of Aβ-pathology on
cognition in AD. Therefore, we performed ROI-based SEM for regional
PiB-uptake, intrinsic network z-maps, and cognitive scores. We ex-
tracted PiB-uptake and resting-state FC values from those regions
within rATN/pDMN overlap-ROIs that showed an altered connectivity
in patients compared with healthy participants (as described in Sup-
plementary Table 1 based on two-sample t-tests at signiﬁcance thresh-
old P < 0.05, FWE cluster-corrected).
We speciﬁed 2 path models, a moderator and a mediator model. A
mediator model typically consists of one (or more) independent (or ex-
ogenous) variable(s), a mediator variable, and a dependent variable.
Both the independent and the mediator variables are assumed to in-
ﬂuence the dependent variable. The independent variable inﬂuences
the dependent variable both directly and indirectly, that is, through
its effect on the mediating variable. Accordingly, in the present study,
Aβ-pathology (i.e., PiB-uptake) constitutes the independent variable,
cognitive performance (i.e., ACCR4−ACCR1 and CERAD) the depend-
ent variable, and FC the mediating variable. Thus, we would assume
that the association between PiB-uptake and cognitive performance is
mediated through the effect of PiB-uptake on FC (i.e., indirect effect).
A moderator model typically consists of one (or more) independent
variable(s), a moderator variable, and a dependent variable. The major
difference to the mediator model is that the moderator variable is
assumed to directly inﬂuence the association between the independent
and the dependent variable. Again, in the context of the present study,
Aβ-pathology (i.e., PiB-uptake) constitutes the independent variable and
cognitive performance (i.e., ACCR4−ACCR1 and CERAD) the depend-
ent variable. Assuming that FC moderates the association between
Aβ-pathology and cognitive performance, we generated the moderator
variable by calculating the element-wise product of PiB-uptake and FC
(Baron and Kenny 1986; Schlösser et al. 2007).
SEM was performed using the program Amos 22.0.0 (http://
amosdevelopment.com), applying a maximum-likelihood algorithm
for estimating path coefﬁcients. We used bootstrapping procedures
which make no a priori assumptions about the distribution of the
paths. The null hypothesis was tested by determining whether zero
was within the 95% bias-corrected conﬁdence intervals (CIs). The
goodness-of-ﬁt index (GFI) was used to assess the goodness-of-ﬁt
of the models.
Results
Impaired Cognition and Increased PiB-Uptake
in Patients
Patients had signiﬁcantly reduced CERAD total scores com-
pared with healthy older adults (two-sample t-test, P < 0.001;
Table 1). Furthermore, for the attention-demanding task of
increasing difﬁculty during task-fMRI, two-way repeated-
measures ANOVAs of accuracy ACCR and RT, with factors
group (2 levels) and task difﬁculty (4 levels), revealed signiﬁ-
cant effects of group (ACCR F1,30 = 25.4, P < 0.001; RT F1,30 = 16.2,
P < 0.001), of task difﬁculty (ACCR F3,90 = 30.7, P < 0.001; RT
F3,90 = 93.7, P < 0.001), and a signiﬁcant interaction (ACCR
F3,90 = 23.3, P < 0.001; RT F3,90 = 10.7, P < 0.001). Post hoc
t-tests revealed selective impairments of patients for the more
difﬁcult conditions, both in terms of accuracy (independent
samples t-tests, t30 = 5.51, P < 0.001; t30 = 0.86, P = 0.39, for
ACCR in the most difﬁcult and the easiest conditions, respect-
ively) and RTs (t30 =−3.99, P < 0.001; t30 =−1.91, P = 0.07, for
RT in the most difﬁcult and the easiest conditions, respectively;
Supplementary Results and Supplementary Fig. 3 for mean
accuracies and reaction times).
Patients had increased cortical PiB-uptake within the
frontal, parietal, and temporal lobes compared with healthy
older adults (two-sample t-test, P < 0.001 uncorrected and
k = 100; Fig. 1A). The pattern of distribution corresponded
well to typical ﬁndings previously described in AD (e.g.,
Drzezga et al. 2011).
Patients had decreased gray matter volume mainly in the
temporal lobe, the anterior cingulate, and the left hippocam-
pus (two-sample t-test, P < 0.05, FWE cluster-corrected, Sup-
plementary Table 2 and Supplementary Fig. 4).
Posterior DMN and Right ATN FC During Rest and Task
Is Consistently Disrupted in the Medial and Lateral
Posterior Parietal Cortex
ICA of rest- and task-fMRI data revealed for each group spatio-
temporal patterns of FC that were correspondent with the
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posterior and anterior DMN, right, left, and dorsal ATN, salience
network, and primary auditory network (Fig. 1B; Supplemen-
tary Table 3; one-sample t-test, P < 0.05, FWE cluster-corrected).
ICNs were spatially consistent across groups (Fig. 1B), across
tasks (Supplementary Table 4), and matched previous results
(Damoiseaux et al. 2006; Sorg et al. 2007; Smith et al. 2009;
Allen et al. 2011).
For the rest condition, patients had lower FC in the precu-
neus of the pDMN and in the inferior parietal lobule of
the rATN (Fig. 1B; Supplementary Table 3; two-sample t-test,
P < 0.05, FWE cluster-corrected). For the task condition, pa-
tients had increased FC in the precuneus of the pDMN, in the
inferior parietal lobule of the rATN, and in the superior parietal
cortex of the dorsal ATN (Fig. 1B; Supplementary Table 3; two-
sample t-test, P < 0.05, FWE cluster-corrected). After correcting
group differences for brain atrophy (i.e., gray matter volume), the
effects in the pDMN remained signiﬁcant both for the rest (x = 6,
y =−66, z = 34, k = 121, T = 4.67, P < 0.05, FWE cluster-corrected)
and the task condition (x = 12, y =−66, z = 28, k = 83, T = 4.42,
P < 0.05, FWE cluster-corrected), while the effects in the rATN
were no longer signiﬁcant.
Critically, when comparing group differences for rest and
task, we found overlap (i.e., aberrant FC common to both con-
ditions) for the DMN in the precuneus (Fig. 2A and Supple-
mentary Table 1) and for the rATN in the inferior parietal
lobule (Fig. 2B and Supplementary Table 1). For such overlap-
ping group different rest- and task-FC of the pDMN and rATN,
we found lower averaged connectivity in patients and controls
during rest than during task in the rATN (P < 0.05, Fig. 2B),
and only for controls increased connectivity during rest than
during task in the pDMN (P < 0.05, Fig. 2A).
Lower pDMN/rATN FC at Rest Correlates with Cognitive
Impairment
Voxel-wise regression analyses demonstrated for the medial
and lateral PPC that patients’ lower pDMN/rATN FC at rest is
positively correlated with patients’ reduced accuracy (ACCR
4− ACCR 1) of task performance (Fig. 3A,B; Supplementary
Table 5; P < 0.05, uncorrected, k = 40). Analogous regression
analyses demonstrated for the same regions that patients’ de-
creased pDMN/rATN FC at rest is positively correlated with
Figure 1. Multimodal imaging of patients with pAD and controls. (A) PiB-PET: Group difference in PiB-PET (ΔPiB) between healthy controls and patients is shown by statistical
parametric map (SPM) of a two-sample t-test, P< 0.001 uncorrected, cluster extent k= 100; ΔPiB-uptake pattern superimposed on a single-subject high-resolution T1 image. (B)
Resting-state and task-fMRI: Participants’ resting-state and task-fMRI data, respectively, were decomposed by ICA resulting in individual spatial maps that reﬂect the spatial patterns
of ICNs. Columns 1–4 and 7–10: Spatial connectivity patterns of ICNs during both rest and task for patients and controls (SPMs of one-sample t-tests for each ICN of controls and
patients; P< 0.05 FWE corrected at cluster level). Columns 5, 6, 11, and 12: SPMs demonstrating increased and decreased FC in patients (two-sided two-sample t-tests;
P< 0.05, FWE cluster level, for visual demonstration P< 0.05, k= 10). All SPMs are projected onto a single-subject anatomical T1-weighted image. C: healthy controls; P:
patients; FC: functional connectivity; DMN: default mode network; p: posterior; a: anterior; ATN: attention network; r: right; l: left; d: dorsal; SN: salience network; pAN: primary
auditory network.
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patients’ general cognitive impairment reﬂected by CERAD
total scores (Fig. 3A,B; Supplementary Table 5). Analogous
analyses of the auditory network did not show any signiﬁcant
result.
Increased Local PiB-Uptake Correlates Negatively with
pDMN/rATN FC at Rest
Increased PiB-uptake of patients overlapped with maps of
lower FC at rest for the pDMN and rATN in the medial and
lateral PPC (Fig. 4A,B). Voxel-wise regression analyses de-
monstrated for the medial and lateral PPC that patients’ local
PiB-uptake is negatively correlated with pDMN/rATN FC at rest
(Fig. 4A,B; Supplementary Table 5; P < 0.05, uncorrected,
k = 40). An analogous analysis of the auditory network did not
show a signiﬁcant result.
pDMN FCModerates the Effects of Aβ-Pathology
on Cognition
SEM revealed no signiﬁcant mediating effects for pDMN and
rATN with respect to Aβ-pathology and cognition. Results of
the moderator analysis showed a signiﬁcant negative associ-
ation between pDMN PiB-uptake and cognitive (i.e., ACCR4−
ACCR1) performance (β =−0.86, P < 0.001) and a trend signiﬁ-
cance in terms of a positive association between pDMN FC and
cognitive performance (β = 0.28, P < 0.09). The moderating
effect of pDMN FC on the association between pDMN
PiB-uptake and cognitive (i.e., ACCR4− ACCR1) performance
was signiﬁcant (β =−0.59, P < 0.001) (Supplementary Fig. 5).
The GFI of the moderator model was 0.9, indicating a good
model ﬁt. Moderating effects for the rATN and for CERAD
scores were not signiﬁcant.
Discussion
To address the hypothesis that, in early AD, FC of intrinsic net-
works is consistently changed across attention-demanding
task- and rest-states, and that for such regions, aberrant intrin-
sic connectivity links with local Aβ-pathology and impaired
cognition, patients with pAD and healthy older adults were as-
sessed by a multimodal imaging approach including rs-fMRI
and task-fMRI, PiB-PET, and neuropsychological examination.
In 2 networks covering the medial and lateral PPC (namely
the DMN and rATN), areas with consistently aberrant connect-
ivity during rest and during an attention-demanding task were
observed; patients’ at-rest-FC of these areas was associated
with both PiB-binding levels and the degree of cognitive im-
pairment. Post hoc SEM conﬁrmed a direct inﬂuence of DMN
intrinsic connectivity on the association between PiB-uptake
and cognitive impairment. Beyond the DMN, our study pro-
vides ﬁrst evidence for an intrinsic network-based mechanism
linking Aβ-pathology with impaired cognition in early AD.
Patients’ pDMN and rATN: Consistent FC Changes
During Rest and Task
Regionally Overlapping Aberrant Rest- and Task-FC
Corresponding to our ﬁrst hypothesis, we observed regionally
consistent abnormalities in the FC of the pDMN and rATN in
patients with pAD during rest and task conditions (Figs 1
Figure 2. Spatially consistent FC changes of pDMN and rATN across rest and task in patients. Columns 1 and 2: ICNs characterized by spatial patterns of FC during rest (lines 1 and
3) and task (lines 2 and 4) concerning the pDMN (A) and rATN (B) (SPMs as in Fig. 1). Columns 3 and 4: Results of the ICN group comparisons for FC maps between patients and
controls (ΔFC) for rest and task condition as well as corresponding spatial overlaps of group differences (ΔFC Rest and ΔFC Task) [SPMs with increased (P > C) and decreased
(P < C) FC in patients as in Figure 1]. Right side: Bar plots representing averaged FC values for overlapping group differences for each group, condition, and ICN. Paired t-tests
revealed FC differences across conditions (P< 0.05, * signiﬁcant result, pDMN T= 0.9 (patients)/7.7 (controls); rATN T=−7.8/−2.1).
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and 2; Supplementary Tables 1 and 3). While FC was lower
during rest, it was increased during the attention-demanding
task. The spatial consistency of FC group differences across
rest and task suggests that pDMN/rATN intrinsic brain activity
is robustly impaired in pAD (Fig. 2A,B). In the pDMN of pa-
tients, FC in the right precuneus was signiﬁcantly less
reduced during the task than that of healthy controls
(Fig. 2A). This result corresponds with several previous ob-
servations of reduced DMN/medial PPC deactivation in MCI/
AD during various cognitive tasks (Lustig and Buckner 2004;
Rombouts et al. 2005; Petrella et al. 2007). In contrast to
these studies, here we showed a reduced decrease in “con-
nectivity” rather than in evoked activation (in line with
Celone et al. 2006). In addition, increased task-FC in the right
and dorsal ATN was found in the inferior and superior PPC
in patients compared with controls (Figs 1B and 2B; Supple-
mentary Table 3). Several previous studies have demonstrated
increased parietal task-FC or activation, especially in MCI
patients with very mild impairments (Dickerson et al. 2004;
Celone et al. 2006).
Figure 3. Patients’ decreased FC of the pDMN and rATN is associated with impaired cognition. Column 1: Results of ICN group comparisons for FC maps between patients and
controls (ΔFC) for the resting-state condition concerning pDMN (A) and rATN (B) (SPMs as in Fig. 1). Column 2: Patients’ performance scores for cognitive accuracy (ACCR
4− ACCR 1, assessed during task-fMRI) and CERAD total (neuropsychological assessment outside the scanner) were treated as continuous variables and regressed voxel-wise
against pDMN/rATN FC maps, resulting in SPMs (P< 0.05 uncorrected and k=40). Right side: For visualization, the relationship between cognitive performance and FC was
assessed by Pearson correlation between averaged FC and cognitive performance scores across patients (P< 0.05; ACCR/CERAD total for pDMN r= 0.65/0.64, for rATN r= 0.66/
0.62).
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Directions of FC Changes
Even though the group differences in DMN and ATN connect-
ivity were spatially consistent across rest- and task-states, the 2
networks showed dissimilar responses to the applied
attention-demanding task (with the DMN barely changing in
patients, while the right ATN showed an abnormal FC increase;
Fig. 2). Since we have no a priori reason to believe that Aβ-
pathology should affect (at least cortical) connectivity differ-
ently in different ICNs (if they are burdened with similar
amounts of pathology), other factors must explain this diver-
gence in their task response. It is well known that the amount
of task-evoked FC increase in an ICN depends on the function-
al specialization of the ICN in question (Calhoun et al. 2001,
2008; Eichele et al. 2008; Smith et al. 2009; Laird et al. 2011;
Raichle 2011). The right ATN, spanning regions known to be
involved in the top-down control of attention (e.g., Nobre et al.
1997), should be functionally involved in our cognitive task in-
cluding increasing top-down attention, and should therefore
show a group difference that reﬂects the group difference in
task performance. Thus, the data indicate that impaired cogni-
tive performance goes along with an increased demand of con-
certed activity within task-relevant regions or networks. The
abnormal connectivity increase might therefore reﬂect a com-
pensatory mechanism in the presence of reduced cognitive
capacities going along with pAD. On the other hand, a regular
DMN decrease of FC during attention is impaired in patients.
Reduced Rest-FC and Atrophy
Concerning resting-state FC, we observed lower FC within the
posterior DMN and the right ATN in the medial and lateral PPC,
respectively, in patients (Fig. 1B and Supplementary Table 3).
This result replicates a previous independent ﬁnding of our
group, observed in MCI patients when compared with controls
(Sorg et al. 2007). Even though atrophy was only marginally
present (Supplementary Fig. 4 and Supplementary Table 2),
lower FC in the DMN and rATNmay have been related to reduc-
tions in gray matter volume (as previously reported, see Agosta
et al. 2012). Accordingly, FC decreases in the rATN were no
longer signiﬁcant when adding network gray matter volumes
as a covariate into the group comparisons. This indicates that
ﬁndings of altered rATN connectivity in pAD are closely linked
to decreases in gray matter volume. Medial and lateral compo-
nents of the temporal lobes were most strongly affected by gray
matter decreases (Supplementary Fig. 4 and Supplementary
Table 2), but parts of the frontal lobe (predominantly orbital
frontal) also showed signiﬁcant gray matter decreases in pa-
tients compared with healthy controls. This ﬁnding illustrates
that changes in gray matter volume should be taken into con-
sideration when investigating alterations in FC within ATNs in
patients with pAD. Of note, the strength of FC decrease in the
pDMN was only reduced but remained signiﬁcant after adding
network gray matter volumes as a covariate into the group com-
parisons. While disrupted FC within the DMN is a very consist-
ent and robust ﬁnding in MCI, AD dementia, and even in
prodromal stages of the disease (Sorg et al. 2007; Hedden et al.
2009; Mormino et al. 2011; Agosta et al. 2012), disrupted FC
within ATNs is less consistently reported (for example, for the
dorsal ATN, see Li et al. 2011 or Sorg et al. 2007 and for latera-
lized ATNs, see Agosta et al. 2012 or Li et al. 2011). The obvi-
ously stronger inﬂuence of gray matter atrophy on ATN FC may
explain this to some degree.
Linking PiB-Uptake, Reduced Resting-State FC,
and Impaired Cognition
Patients’ pDMN and rATN: Disrupted Intrinsic Connectivity Is
Associated with Impaired Cognition
In patients, disrupted resting-state FC of pDMN and rATN in
the medial/lateral PPC was positively related with impaired
cognition (Fig. 3A,B; Supplementary Table 5). Such relation-
ship was found for both cognitive task performance and
Figure 4. Patients’ decreased FC of the pDMN and rATN is associated with increased local PiB-uptake. Columns 1 and 2: For the pDMN (A) and rATN (B), resting-state FC maps of
controls (FC) and of group comparisons between patients and controls (ΔFC) are overlapped with the group difference map of increased PiB-uptake in patients (SPMs as in Fig. 1).
Column 3: Patients’ local PiB-uptake scores of overlapping rest- and task group differences were treated as continuous variables and regressed voxel-wise against pDMN and rATN
FC maps, resulting in corresponding SPMs (P< 0.05 uncorrected and k=40). Right side: For visualization, the relationship between FC and PiB-uptake was assessed by Pearson
correlation between average FC and regional PiB-uptake across patients (P< 0.05; for pDMN r=−0.50, for rATN r=−0.56).
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CERAD total scores reﬂecting general cognitive performance.
The result is speciﬁc to the pDMN and rATN, as in the auditory
network correspondent results were not found. The observed
consistency across different cognitive scores suggests a general
impact of disrupted pDMN/rATN connectivity in the PPC on
cognitive performance. This general impact on cognitive per-
formance might be explained by both the hub character of the
medial and lateral PPC and the correspondent PPC involve-
ment in a wide range of cognitive tasks (Gitelman et al. 1999;
Corbetta and Shulman 2002; Dosenbach et al. 2008; Buckner
et al. 2009; Smith et al. 2009).
Patients’ pDMN and rATN: Disrupted Intrinsic Connectivity
Is Associated with Local PiB-Uptake
We found that, in the medial and lateral PPC, increased local
PiB uptake was overlapping and negatively correlated with pa-
tients’ resting-state FC of the pDMN and rATN, respectively
(Fig. 4 and Supplementary Table 5). This negative association
between PiB-uptake and intrinsic FC was exactly in those areas
that were characterized by both aberrant task- and at-rest-FC.
This ﬁnding was speciﬁc to the pDMN and rATN, since in the
auditory control network corresponding results were not
found. A negative association between PiB-binding levels and
resting-state FC has been reported in previous studies for the
DMN (Hedden et al. 2009; Mormino et al. 2011) and the ATN
(Myers et al. 2014) for persons with and without cognitive
symptoms. Particularly, Drzezga et al. (2011) found that cor-
tical regions such as precuneus or inferior parietal lobule,
which are characterized by extensive FC with other parts of the
cortex, are related to neuronal dysfunction (measured by
FDG-PET), reduced resting-state FC, and increased PiB-uptake
in patients with MCI. Taken together with results from animal
studies demonstrating signiﬁcant effects of local Aβ-pathology
on ongoing activity (e.g., Busche et al. 2008; for a review see
Palop and Mucke 2010), our data suggest that, in patients, the
signiﬁcant association between higher PiB-binding levels and
lower intrinsic FC may reﬂect an adverse effect of Aβ-pathology
on intrinsic FC in DMN and ATN.
No Simple Mediating Role of Aberrant Intrinsic Networks
Between Amyloid Pathology and Impaired Cognition
Based on signiﬁcant pairwise relations between impaired
at-rest-FC and PiB-uptake/impaired cognitive performance, we
expected aberrant FC to mediate between Aβ-pathology and
cognition. However, instead of such a mediating effect, we
found a moderating effect for only the pDMN on the relation
between PiB-uptake and impaired cognitive performance for
the precuneus (Supplementary Fig. 5). The higher the
at-rest-FC in the precuneus, the less the effect of PiB-uptake on
performance. In other words, precuneus FC works as a modu-
latory context factor to translate pathology effects into im-
paired cognition, instead of directly mediating Aβ-pathology
effects. This ﬁnding suggests a complex, non-linear relation-
ship between Aβ-pathology as deﬁned by PiB-uptake, intrinsic
FC, and cognitive performance, likely including further modu-
latory factors (Myers et al. 2014). We speculate that factors
such as cognitive reserve (Barulli and Stern 2013) or individual
baseline relationship between network connectivity and Aβ-
pathology (Myers et al. 2014) might play a role. Future studies
that explicitly analyze such factors are necessary.
In this context, it is important to emphasize the special role
of the precuneus with respect to its PiB-uptake signal. While
we found—in line with others (e.g., Hedden et al. 2009;
Mormino et al. 2011)—correspondent precuneus PiB-uptake
and FC reduction, suggesting a link between local plaque load
and connectivity, recent neuropathological studies have chal-
lenged whether increased PiB-uptake in the precuneus really
reﬂects increased plaque load. For example, Nelson et al.
(2009) found that in patients with AD–dementia, signiﬁcant
precuneus plaque load was only detectable in the minority of
cases. Similar ﬁndings were reported by Perez et al. (2014).
Furthermore, precuneus synapse integrity seems to be largely
preserved at least in early AD (Scheff et al. 2013), while cholin-
ergic activity is speciﬁcally reduced (Ikonomovic et al. 2011).
Based on these ﬁndings and on our result of linked PiB-uptake
and at-rest-FC, precuneus Aβ-pathology as deﬁned by
PiB-uptake may be more strongly related to disrupted connect-
ivity than to plaque load or aberrant synapses. Further studies
are certainly necessary to better understand the speciﬁc neural
underpinnings of altered PiB-uptake and Blood-oxygen-level
dependent-FC measures particularly in the precuneus.
Conclusion
In pAD, we observed regionally overlapping abnormalities in
FC during resting-state and cognitive task conditions in the
precuneus of the posterior DMN and inferior parietal lobule of
the ATN. Furthermore, patients’ disrupted resting-state FC was
related with both increased local PiB-uptake and impaired
cognitive performance. Finally, instead of a simple linear
mediation, we found disrupted DMN connectivity to have a
complex moderating effect on the inﬂuence of Aβ-pathology
on impaired cognition in AD.
Supplementary Material
Supplementary material can be found at: http://www.cercor.oxford-
journals.org/.
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Objective: The aim of this study was to evaluate the reproducibility of 3 T mag-
netic resonance imaging diffusion tensor imaging (DTI) of the brachial plexus in
healthy subjects.
Methods: Ten healthy volunteers were included, and morphological and DTI
sequences of the nerve roots of the brachial plexus from C5 to T1 of both sides
were repeatedly acquired on a 3 T magnetic resonance system (MAGNETOM
Skyra; Siemens Healthcare, Erlangen, Germany). A prototype diffusion-weighted
single-shot echo-planar imaging sequence-enabling slice-specific shim adjust-
ments was performed with b-values of 0 and 800 s/mm2 in 30 gradient di-
rections, resulting in an acquisition time of about 6 minutes each in axial
orientation. Between scans, subjects were moved and repositioned in the scan-
ner, coils were reinserted, and new localizers were acquired. Image analysis was
performed using MITK Diffusion software toolkit. Two independent readers
performed diffusion data postprocessing, and regions of interest (ROIs) were
set on the proximal postganglionic trunk at each spinal level, bilaterally to obtain
values for fractional anisotropy (FA) and mean diffusivity (MD). Interreader and
intrareader agreement as well as test-retest reproducibility of DTI metrics
were assessed.
Results: Intraclass correlation coefficients (ICCs) for interreader and intrareader
agreement did not differ significantly between measurements for FA and MD. In
particular, ICCs for interreader agreement of FA ranged from 0.741 to 0.961 and
that ofMD ranged from 0.802 to 0.998, and ICCs for intrareader agreement of FA
ranged from 0.759 to 0.949 and that of MD ranged from 0.796 to 0.998. The test-
retest reproducibility of DTI metrics showed an overall moderate to strong corre-
lation (r > 0.707), with few minor exceptions, for both FA and MD values.
Conclusions: Diffusion tensor imaging metrics in the brachial plexus are re-
producible. Future applications of DTI for a possible clinical use should be
further investigated.
Key Words:MRN, DTI peripheral nerves, brachial plexus
(Invest Radiol 2017;52: 482–487)
T he brachial plexus is composed of a complex network of nervesconsisting on the ventral rami of the C5 to C8 and T1 nerve roots,
and additional contributions may derive from the C4 and T2 nerve
roots. A high number of abnormalities ranging from traumatic nerve
injury to radiation neuropathy can affect the brachial plexus. Clinical
differentiation of brachial plexopathy from other spine abnormal-
ities manifesting with plexopathy-like symptoms (eg, shoulder and
arm pain or weakness) might be challenging, and results from
electromyographic or electroneurologic tests are often indeterminate.
In this scenario, magnetic resonance imaging (MRI), particularly,
magnetic resonance neurography (MRN), has been increasingly used
in cases of suspected brachial plexopathy and peripheral neuropathy
to confirm the diagnosis.1–3
In recent studies, diffusion-weighted imaging, as well as diffu-
sion tensor imaging (DTI), has been applied for visualization of periph-
eral nerves.4–7 Because of its capability to provide insights into
neuronal microstructure, DTI in particular may depict abnormalities
of the brachial plexus stemming from compression of nerve roots from
cervical disc herniation or those resulting from neoplastic conditions
even beyond conventional morphologic MRN.4,7 In general, DTI de-
rives estimates of water diffusion in a specific tissue using voxel-wise
calculations of tissue fiber orientation on the basis of tensor as a
3-dimensional ellipsoid model. Thismodel is characterized by its eigen-
vectors and eigenvalues (k1, k2, k3) in all 3 directions. The quantitative
degree of anisotropy of water diffusion can be described by the frac-
tional anisotropy (FA) and is a scalar value ranging from 0 to 1, with
0 representing isotropic diffusion and with 1 representing complete an-
isotropic diffusion. This model of water diffusion can be transferred to
the peripheral nerve, where bundles of axons run parallel in 1 principal
direction and the nerve surrounding the myelin sheaths limits the diffu-
sion of water molecules in perpendicular directions. Reduced FAvalues
were observed in abnormal conditions with Wallerian degeneration,
whereas increased FA values were noted in case of ongoing regenera-
tion.8 The mean diffusivity (MD) equals the apparent diffusion coeffi-
cient and corresponds to the averaged diffusivity of the 3 principle
eigenvalues in a voxel, commonly published in !10−3 s/mm2
(MD = (λ1 + λ2 + λ3)/3. An increase in MD values was stated in nerve
injury with demyelination.9,10 Although DTI is an established tech-
nique for the evaluation of nerve integrity in the central nervous system,
its application in the peripheral nervous system with the plexus is more
demanding. The relatively small size of peripheral nerves and the sub-
sequent lower signal-to-noise ratios (SNRs) make DTI susceptible to
partial volume effects, and the anatomical shape of the neck region
gives rise to susceptibility-induced distortion artifacts. Still, the periph-
eral nerves and the plexus with their high directionality along the axons
are suited for DTI measurements. Therefore, DTI has the potential to
become a clinical biomarker for demyelination and fibrotic changes
of the peripheral nerve structure in the brachial plexus.11,12 Given the
recently growing utilization of DTI-based clinical research of the bra-
chial plexopathies, it was the aim of this study to investigate the repro-
ducibility of DTI parameter measurements, in healthy volunteers, using
a DTI sequences with isotropic voxels optimized for the brachial plexus
and suited for clinical routine.
MATERIALS AND METHODS
Study Subjects
Institutional ethics board approval and written informed consent
of all volunteers were obtained. Ten healthy volunteers (mean age,
30.6±5.3years; range, 23–41years), 6women (meanage, 28.6±5.9 years;
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range, 23–41 years) and 4 men (mean age, 33.3 ± 3.0 years; range,
28–37 years), were recruited. Exclusion criteria were general contrain-
dications to magnetic resonance (ie, pacemaker, claustrophobia), age
younger than 18 years, history of findings related to nerve abnormali-
ties (ie, upper extremity pain, paresthesia, or hypesthesia), history of
cervical spine abnormalities, or prior surgery of the cervical spine or
the brachial plexus.
Magnetic Resonance Imaging
Morphological and DTI sequences of the brachial plexus of
both sides were acquired on a 3.0 T magnetic resonance system
(MAGNETOM Skyra; Siemens Healthcare, Erlangen, Germany) using
a commercially available 64-channel head-neck coil and appropriate el-
ements of both an 18-channel body array and a 32-channel spine array
between May and October 2015. An isotropic T2-weighted sampling
perfection with application of optimized contrasts using different flip
angle evolution (SPACE) sequence with short tau inversion recovery
(STIR) fat suppression in coronal orientation was applied for better an-
atomical orientation with the following sequence parameters: repetition
time, 3500 milliseconds; echo time, 166 milliseconds; voxel size,
0.8 ! 0.8 mm; slice thickness, 0.8 mm; number of slices, 144; field
of view (FOV), 260 ! 260 mm; receive bandwidth, 454 Hz/px. A
prototype diffusion-weighted single-shot echo-planar imaging (ss-
EPI) sequence-enabling slice-specific shim adjustments with b-values
of 0 and 800 s/mm2 in 30 gradient directions was applied, acquiring
voxels with an isotropic dimension of 1.9 mm.13,14 Total acquisition
time corresponded to 21 minutes. Pulse sequence-specific DTI param-
eters are summarized in Table 1.
Slice-specific shim adjustments facilitate the acquisition of
echo-planar images with decent image quality in the neck region. Be-
cause of its intrinsically low bandwidth along the phase-encoding direc-
tion, EPI quality suffers from the presence of residual fat signal as well
as from local, subject-induced B0 field inhomogeneities. For multislice
acquisitions, established shim procedures enable partial mitigation of
these degradations only: this is due to the fact that a single, static setting
of first- and, if applicable, higher-order shim fields that satisfies average
optimization criteria gets applied throughout the measurement for the
complete set of slices. The ss-EPI sequence prototype used in this
study supports localized, slice-specific optimizations and dynamically
switches assigned shim settings synchronously with the acquisition of
each slice.13,14
After the initial scan, each subject underwent a second separate
MRI examination on the same day in the same scanner. The second
scanning session contained the identical DTI sequence of the initial
session. Between the 2 scans, volunteers were moved and repo-
sitioned in the scanner, coils were replaced, and new localizers were
acquired (Fig. 1).
Image Analysis
All 3-dimensional data sets were analyzed by 2 independent
readers (reader 1, M.J.H., research fellow in musculoskeletal radiology
with 2 years' training in neuroradiology; reader 2, A.M., clinical fellow
in musculoskeletal radiology with a PhD in neuroimaging, both with
experience in diffusion data postprocessing and peripheral nerve seg-
mentation) according to the sequential scheme reported in Figure 1.
The open-source software MITK Diffusion (release 2015.05; www.
mitk.org) was used for postprocessing of raw data and to perform diffu-
sion tensor maps for FA and MD estimation for each subject.15 Frac-
tional anisotropy and MD values were obtained as follows: at all
levels from C5 to T1, nerves roots in both sides were identified on the
SPACE STIR sequence and on the TRACE image obtained from
postprocessing ofDTI data. Subsequently, on the TRACE-weighted im-
ages, circular regions of interest (ROIs) with a fixed area of 11 mm2
were set on the proximal postganglionic, supraclavicular trunks of both
sides at all levels of the brachial plexus. Regions of interest were
FIGURE 1. Flow chart of study procedures. Participants underwent 2 magnetic resonance scans with repositioning between scans. For reproducibility
of measurements, independent readouts were performed by 2 readers after the first scan and 6 weeks later by 1 reader. For test-retest reproducibility,
1 reader performed an additional measurement of DTI metrics. Figure 1 can be viewed online in color at www.investigativeradiology.com.
TABLE 1. Sequence Parameters
DTI SPACE STIR
b-value 1/2, s/mm2 0/800 /
TR, ms 5600 3500
TE, ms 67 166
Matrix 100 ! 88 256 ! 256
FOV, mm2 190 ! 168 205 ! 205
In-plane resolution, mm2 1.9 ! 1.9 0.8 ! 0.8
No. slices 44 144
Slice thickness, mm 1.9 0.8
Pixel bandwidth, Hz/px 1666 454
Acquisition time, min:s 06:39 07:11
DTI indicates diffusion tensor imaging (used here: prototype diffusion-weighted
ss-EPI sequence-enabling slice-specific shim adjustments); SPACE, sampling perfec-
tion with application of optimized contrasts using different flip angle evolution; STIR,
short tau inversion recovery; TR, repetition time; TE, echo time; FOV, field of view.
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meticulously positioned within the brachial plexus at the level of the
trunks to minimize partial volume effects (Fig. 2). Subsequently, the
software automatically calculated corresponding FA and MD values.
The same procedure was also performed to obtain FA and MD values
of spinal cord at C7 level.
Statistical Analysis
All statistical analyses were performed using SPSS (release
22.0; SPSS Inc, Chicago, IL). Descriptive statistics was performed,
and mean FA and MD values were obtained from the analysis of
reader 1 after the first readout and from reader 2. For the assessment
of interreader and intrareader agreement of measurements, intraclass
correlation coefficients (ICCs) for mean FA and for mean MD values
of each level of the brachial plexus from C5 to T1 for both sides and
the spinal cord at the level of C7 were computed. To calculate ICCs
between independent readers, 2-way random effects models were ap-
plied. Interreader and intrareader agreement was considered excellent
for values greater than 0.75, values between 0.40 and 0.75 reported
fair to good reliability, and values below 0.40 indicated poor agree-
ment.16 For reproducibility analysis, test-retest Pearson correlation co-
efficients were calculated for FA and MD and interpreted as follows:
correlation was considered weak when r was less than 0.3, moderate
when r was between 0.3 and 0.7, and strong when r was greater than
0.7. Results were referred to as statistically significant when P value is
equal to 0.025. Statistical tests were Bonferroni corrected for multiple
comparisons, where applicable.
RESULTS
Morphological and DTI images were successfully acquired in all
healthy volunteers. In all T2 SPACE STIR images and in all TRACE
images of all subjects, the supraclavicular brachial plexus was com-
pletely delineated and the course of nerve structure was depicted with-
out discontinuity (Fig. 3). Mean FA and MD values and the detailed
results from ICC analysis and Pearson correlation analyses are demon-
strated in Table 2.
Interreader and Intrareader Agreement
An excellent interreader and intrareader agreement (ICC > 0.756
and ICC > 0.759, respectively) was observed for both FA and MD
values at all levels, except for the FA value at C5 level on the left side
(ICC = 0.741). The highest ICC for interreader agreement with 0.961
(P < 0.001) for FAwas noted at the level of C6 on the left side, and that
for intrareader agreement with 0.949 (P < 0.001) for FAwas noted at the
level of T1 left. The lowest interreader and intrareader agreement for FA
was found at the level of C5 left with an ICC of 0.741 (P = 0.025) and at
the level of C5 right with an ICC of 0.759 (P = 0.023), respectively. For
MD, the highest ICC for interreader and intrareader was found at the
level of C5 on the right side and was 0.998 (P < 0.001) for both. The
lowest interreader correlation with an ICC of 0.796 (P = 0.13) and
FIGURE 3. Morphological correlation and results for repeated DTI scans
in a 27-year-old healthy female volunteer. Panel A, coronal SPACE STIR
of the brachial plexus for anatomical orientation; panel B, coronal
maximum intensity projection of the TRACE image of the DTI magnetic
resonance from scan 1 (slab thickness, 37.0 mm); panel C, coronal
maximum intensity projection of the TRACE image of the DTI magnetic
resonance from scan 2 (slab thickness, 37.0 mm). Brachial plexus
anatomy is repeatedly and clearly depicted in scan 1 (B) and scan 2
(C) in accordance with the SPACE STIR image (A) as reference image.
FIGURE 2. Measurement of diffusion metrics with MITK Diffusion toolkit at the level of C6 on the right supraclavicular brachial plexus in a 36-year-old
man. Reference lines on axial (A) and sagittal (B) reconstructions and on coronal (C) TRACE images of the DTI magnetic resonance scan were used
for ROI placement in the trunks of the supraclavicular brachial plexus of both sides. Figure 2 can be viewed online in color atwww.investigativeradiology.com.
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the lowest intrareader with an ICC of 0.802 (P = 0.12) for MD were
found at the level of T1 at the right side.
Reproducibility
In the analysis of test-retest reproducibility of brachial plexus
DTI parameters, an overall strong correlation was found (r > 0.707). In-
deed, FAvalues demonstrated to be reproduciblewithout significant dif-
ferences between the independent readouts and showed throughout
positive correlation between measurements of test and retest at most
of the levels. Fractional anisotropy values were linearly but not signifi-
cantly correlated only at the levels C5 of both sides and at C8 left and
T1 left. Similar results were found for MD, with a nonsignificant but
still linear correlation, only at the level of T1 on the right side
(r = 0.598). Otherwise, all test-retest showed moderate to excellent cor-
relation with values ranging from 0.361 (C5 right side) to 0.954 (C6 left
side). Mean diffusivity Pearson correlation coefficients ranged from
moderate to strong correlation with 0.598 (P = 0.09) for T1 right and
with 0.986 (P < 0.001) for C5 right.
Spinal Cord Measurements
Evaluation of spinal cord at C7 level resulted in excellent ICCs
for interreader correlation with 0.866 (P = 0.03) and for intrareader cor-
relation with 0.924 (P < 0.001) for FA, and, respectively, with 0.924
(P < 0.001) and with 0.914 (P < 0.001) for MD. Test and retest demon-
strated a strong linear correlation for FA (Pearson r = 0.794; P = 0.06)
and strong linear correlation for MD (Pearson r = 0.933; P < 0.001).
DISCUSSION
In the current study, the reproducibility of quantitative DTI of the
brachial plexus was assessed with a dedicated pulse sequence at 3 T.
TABLE 2. Mean FA andMDValues for Scan 1, ICCs for Interreader and Intrareader Agreement and Pearson Correlation Coefficients for Test-Retest
Level Mean Magnetic Resonance Scan 1 SD ICC Interreader ICC Intrareader Test-Retest (Pearson r)
C5 Right
FA 0.42 0.04 0.838 (0.347–0.960)* 0.759 (0.031–0.939)† 0.361
MD 1.62‡ 0.27‡ 0.998 (0.993–1.000)§ 0.998 (0.990–0.999)§ 0.986*
C5 left
FA 0.41 0.03 0.741 (0.001–0.938) 0.892 (0.567–0.973)* 0.569
MD 1.53‡ 0.25‡ 0.983 (0,932–0.996)§ 0.986 (0.944–0.997)§ 0.952*
C6 right
FA 0.44 0.04 0.929 (0.713–0.982)§ 0.797 (0.184–0.950)† 0.762†
MD 1.49‡ 0.28‡ 0.979 (0.916–0.995)§ 0,988 (0.953–0.997)§ 0.965*
C6 left
FA 0.43 0.05 0.961 (0.844–0.990)§ 0.946 (0.783–0.987)§ 0.954*
MD 1.53‡ 0.25‡ 0.992 (0.967–0.998)§ 0.985 (0.939–0.996)§ 0.982*
C7 right
FA 0.42 0.03 0.846 (0.378–0.962)* 0.825 (0.295–0.957)* 0.836*
MD 1.52‡ 0.26‡ 0,980 (0.920–0.995)§ 0.986 (0.946–0.997)§ 0.950*
C7 left
FA 0.44 0.04 0.888 (0.550–0.972)* 0.834 (0.333–0.959)* 0.731†
MD 1.49‡ 0.23‡ 0.966 (0.864–0.992)§ 0.962 (0,846–0.990)§ 0.907*
C8 right
FA 0.43 0.04 0.931 (0.723–0.983)§ 0.937 (0.747–0.984)§ 0.864*
MD 1.55‡ 0.25‡ 0.985 (0.940–0.996)§ 0.965 (0.858–0.991)§ 0.909*
C8 left
FA 0.43 0.03 0.887 (0.545–0.972)* 0.871 (0.482–0.968)* 0.661
MD 1.61‡ 0.23‡ 0.965 (0.861–0.991)§ 0.955 (0.819–0.989)§ 0.952*
T1 right
FA 0.39 0.02 0.756 (0.017–0.939)† 0.840 (0.356–0.960)* 0.707†
MD 1.54‡ 0.23‡ 0.802 (0.203–0.951)† 0.796 (0.178–0.949)† 0.598
T1 left
FA 0.41 0.04 0.889 (0.553–0.972)* 0.949 (0.797–0.987)§ 0.218
MD 1.57‡ 0.13‡ 0.934 (0,734–0.984)§ 0.939 (0,753–0.985)§ 0.893*
C7 spinal cord
FA 0.72 0.04 0.866 (0.461–0.967)* 0.880 (0.516–0.970)* 0.794*
MD 0.91‡ 0.04‡ 0.924 (0.693–0.981)§ 0.914 (0.654–0.979)* 0.933*
ROI-based measurements were performed in the supraclavicular plexus at the level of the trunks and for the spinal cord at the level of C7. FA andMDvalues are given
as mean ± standard deviation.
*Corrected P values < 0.01.
†Corrected P values < 0.025.
‡Values indicate !103 mm2/s.
§Corrected P values < 0.001.
FA indicates fractional anisotropy; MD, mean diffusivity; ICC, intraclass correlation coefficient; ROI, region of interest.
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Nerve course in the brachial plexus was clearly depicted in all anatomic
and diffusion sequences for subsequent measurements. Intrareader,
interreader, and test-retest showed excellent reproducibility of FA and
MD values in almost all levels of the trunks of the brachial plexus from
C5 to T1 of both sides.
In comparison to prior studies, which aimed to assess feasibility
and reproducibility of DTI measurements in the brachial plexus,7,17 this
study is the only one in which test-retest MRI scans were conducted, in-
cluding separate and independent postprocessing procedures for each
scan, to comprehensively assess reproducibility. In addition, a novel
imaging approach consisting of a conventional single-shot diffusion-
weighted EPI sequence in combination with slice-selective optimiza-
tion of the magnetic field homogeneity was used to reduce geometric
distortions and improve fat suppression. Other approaches to reduce
geometrical distortions in diffusion-weighted MRI include reduced
FOV18 imaging and readout-segmented acquisitions.19 Compared
with reduced FOV imaging, the sequence used in this study resulted
in higher SNR. While readout-segmented EPI allows high in-plane
resolutions, resulting measurement times of this multishot approach
prevent its use for clinical DTI examinations requiring many diffusion
encoding directions.
The decisive operator-dependent step in this study was the place-
ment of ROIs in cross-sectional images for subsequent ROI-based data
analysis. A fixed ROI diameter smaller than the nerve cross-sectional
diameter restricted the contamination of DTI metrics from surrounding
tissue with different diffusion characteristics. Provided that all ROIs
were set within the nerve and taking into account the small nerve cali-
ber, ROI data analysis for a test magnetic resonance scan was based
only on a choice of few voxels—if not even identical voxels. Apart from
an optimized setting in the trial with a dedicated design of the diffusion
imaging protocol, state-to-the-art software and hardware, this might
be an important factor for the overall good results for interreader,
intrareader, and test-retest according to ICCs and Pearson correlation
coefficients. For an assessment of relatively novel DTI of the brachial
plexus, better established DTI of the spinal cord was conducted addi-
tionally at level of C7. A greater diameter of the spinal cord with a high
directionality of nerve fibers is expected to result in a signal of nerve tis-
sue not lower than the one to be yielded in the brachial plexus. In the
central nervous system, it has been suggested that axonal diameter, den-
sity, andmyelination have an influence on the measurement of diffusion
parameters.20,21 Beside this, DTI measurements in the spinal cord pre-
viously have been shown of high reproducibility.22,23 In comparison
to DTI measurements of the spinal cord, ICCs for interreader and
intrareader DTI data of the brachial plexus at C7 for both sides showed
only slightly lower ICCs for MD, but even better ICCs for FA values.
Test and retest results were highly correlated for the spinal cord as well
as for the brachial plexus. Still, DTI of the brachial plexus has an inher-
ent SNR dilemma: on one hand, relatively small caliber of the nerves
only allows voxel designs with smaller in-plane resolution than the
cross-sectional diameter of the nerve itself to avoid partial volume ef-
fects from surrounding structures. Small voxel size, on the other hand,
limits the signal that can be derived, resulting in unfavorable SNR. In
this study, we used small isotropic voxel for a better adaption to nerve
anatomy because some trunks leave the spinal cord in a rather steep an-
gle to change direction again when passing behind the clavicle. When
investigating only parts of the brachial plexus (other than in the brain,
where crossing of nerve fibers can influence the precision of measure-
ment of DTI metrics), anisotropic voxels, which allow for higher total
voxel volume, might be an alternative to increase nerve signal.24,25
Limitations
Certain limitations in the study design have to be acknowledged.
With 10 healthy volunteers, the number of subjects was small. Never-
theless, all data revealed consistency with low standard deviations.
Furthermore, no symptomatic participants were included in this study.
However, the aim of this study was to address the issue of reproducibil-
ity of measurement of DTI metrics before proceeding to promising clin-
ical applications. In addition, the impact of vendor-specific differences
in equipment on reproducibility on DTI parameter measurement was
not assessed in this study. Previously, an investigation on the influence
of different hardware in DTI measurement of peripheral nerves has
revealed significant differences in absolute values of derived DTI
parameters between vendors. However, due to consistently small stan-
dard deviations of absolute DTI values, no impact on larger clinical
group studies with substantial DTI changes was expected.26 Regarding
interreader and interreader agreement between software packages, no
substantial contribution to variance of software in DTI measurements
was assumed.27
CONCLUSIONS
This study demonstrates that DTI metrics, FA, and MD in the
brachial plexus are highly reproducible. Promising applications of
DTI for a possible, future clinical use comprise a wide range of
plexopathies from neurodegenerative diseases, tumor-like conditions,
inflammation, and compression syndromes to trauma. Further studies
are to be conducted to test if DTI of the brachial plexus can be of addi-
tional diagnostic value beyond traditional MRN.
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ORIGINAL RESEARCH
MR Neurographic Orthopantomogram:
Ultrashort Echo-Time Imaging of
Mandibular Bone and Teeth
Complemented With High-Resolution
Morphological and Functional MR
Neurography
Andrei Manoliu, MD, PhD,1 Michael Ho, MD,1 Daniel Nanz, PhD,1
Evelyn Dappa, MD,1 Andreas Boss, MD, PhD,1 David M. Grodzki, PhD,2
Wei Liu, PhD,3 Avneesh Chhabra, MD,4 Gustav Andreisek, MD, MBA,1 and
Felix P. Kuhn, MD, MAS1*
Purpose: Panoramical radiographs or cone-beam computed tomography (CT) are the standard-of-care in dental imaging to
assess teeth, mandible, and mandibular canal pathologies, but do not allow assessment of the inferior alveolar nerve itself
nor of its branches. We propose a new technique for “MR neurographic orthopantomograms” exploiting ultrashort echo-
time (UTE) imaging of bone and teeth complemented with high-resolution morphological and functional MR neurography.
Materials and Methods: The Institutional Review Board approved the study in 10 healthy volunteers. Imaging of the sub-
jects mandibles at 3.0T (Magnetom Skyra, Siemens-Healthcare) using a 64-channel head coil with isotropic spatial resolution
for subsequent multiplanar reformatting, was performed. Bone images were acquired using a 3D PETRA sequence (TE, 0.07
msec). Morphological nerve imaging was performed using a dedicated 3D PSIF and 3D SPACE STIR sequence. Functional
MR neurography was accomplished using a new accelerated diffusion-tensor-imaging (DTI) prototype sequence (2D SMS-
accelerated RESOLVE). Qualitative and quantitative image analysis was performed and descriptive statistics are provided.
Results: Image acquisition and subsequent postprocessing into the MR neurographic orthopantomogram by overlay of
morphological and functional images were feasible in all 10 volunteers without artifacts. All mandibular bones and man-
dibular nerves were assessable and considered normal. Fiber tractography with quantitative evaluation of physiological
diffusion properties of mandibular nerves yielded the following mean6SD values: fractional anisotropy, 0.4360.07;
mean diffusivity (mm2/s), 0.00146 0.0002; axial diffusivity, 0.00206 0.0002, and radial diffusivity, 0.001160.0001.
Conclusion: The proposed technique of MR neurographic orthopantomogram exploiting UTE imaging complemented
with high-resolution morphological and functional MR neurography was feasible and allowed comprehensive assessment
of osseous texture and neural microarchitecture in a single examination.
J. MAGN. RESON. IMAGING 2016;44:393–400.
The mandibular nerve and particularly its main branch,the inferior alveolar nerve (IAN), are susceptible to trau-
matic or iatrogenic injuries and might be affected by dental
root pathologies apart from orthognathic surgery,1 such as
removal of molar teeth,2 root canal treatment,3 dental
implants,4 or block anesthesia.5 Consequently, axonal injuries
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can result in neuroma formation with neuronal hyperexcit-
ability.6 As microsurgical repair of such injuries in a timely
fashion often improves or restores sensation and relieves pain-
ful dysesthesia, prompt investigation of accordant pathologies
is mandatory.4
Panoramical radiographs or cone-beam computed
tomography (CBCT) are commonly used for preoperative
planning in implantology and orthodontics as well as for
endodontic and peridontic procedures.7,8 Although these
X-ray-based technologies are useful for the assessment of
various osseous pathologies of the jaw, they do not allow
assessment of the IAN proper or its branches.
In contrast, magnetic resonance imaging (MRI) with its
inherently high soft-tissue contrast is particularly suited for
qualitative and quantitative assessment of neuronal integ-
rity,9,10 but faces important challenges in the visualization of
cortical bone. Cortical bone with its inherent low water con-
tent and very short transverse relaxation time yields almost
no signal with standard MR sequences such as fast spin echo
(FSE) or gradient-recalled echo (GRE) imaging.11 Nonethe-
less, ultrashort echo-time (TE) image acquisition (<100 ls)
has been shown to generate detectable signals from osseous
structures.12 Recent studies have shown the feasibility of qual-
itative and quantitative cortical bone imaging in correlation
with micro-CT13 and biomechanical properties.14
Further important challenges in MRI are susceptibility
artifacts due to field inhomogeneity, especially in the oral
cavity. The commonly used echo planar imaging (EPI) pulse
sequence for diffusion-tensor-based functional neurography
encompassing whole k-space sampling following a single
excitation results in long echo-times. Consequently, the gen-
erated images are particularly sensitive to susceptibility arti-
facts due to spin dephasing. On the contrary, a readout
segmented EPI (rsEPI) sequence using multiple excitations
with segmented acquisition of k-space in readout direction
allows shortening the echo-spacing and echo-time that con-
sequently reduce susceptibility artifacts and T !2 blurring.
15
Long acquisition times, however, prevented this technique
from being applied in high-resolution isotropic diffusion
tensor imaging (DTI) imaging of larger volumes. The cur-
rently available simultaneous multislice (SMS) acceleration
technique16 allows data acquisition in a scan time adequate
for routine clinical practice.
For the assessment of morphologic neurography of
small and thin peripheral nerves, the commonly used T2-
weighted (T2w) fat-suppressed images do not allow for con-
fident distinction between nerves and accompanying small
blood vessels.17 Recently, it has been shown that using a 3D
reversed fast imaging with steady-state free-precession (PSIF)
sequence with additional low-diffusion moment suppresses
the signal from the vessels18,19 and thus nerve-selective
images are generated. Nevertheless, due to potential magic-
angle artifacts inherent in short-TE imaging, T2w images
remain essential for the characterization of neuronal
structures.20
We hypothesized that with recent advances it would
be feasible to combine bone imaging with morphological
and functional high-resolution MR neurography to gather
comprehensive information about the mandible, teeth, and
regional nerves in a single examination within scan times
suitable for routine clinical practice.
Materials and Methods
This was an Ethical Board-approved prospective feasibility study of
10 healthy volunteers (seven women and three men; age range 20–
50 years, mean6 SD, 27.96 7.7 years). All participants provided
written informed consent. Inclusion criteria consisted of age 18
years or older and good physical health. Exclusion criteria were
contraindication to MR, regional surgery or recent trauma, and
acute or chronic sensory disorders or painful dysesthesias.
Image Acquisition
Study participants were positioned in supine position, head first,
and the lower jaw was imaged at 3.0T (Magnetom Skyra, Siemens
Healthcare, Erlangen, Germany) between March and May 2015.
Two transmit channels enabled independent transmission (TimTX
TrueShape, Siemens Healthcare), and a 64-channel phased array
coil sampled the signal. All sequences for morphological imaging
were acquired with submillimeter spatial resolution for subsequent
isotropic multiplanar reformatting. Slab-selective excitation was
used for all 3D MR pulse sequences.
For cortical and cancellous bone imaging, a 3D PETRA
(Pointwise Encoding Time reduction with Radial Acquisition)
single-echo sequence (Quiet-Suite, Siemens Healthcare) was
applied.21 The minimal TE attainable was 0.07 msec. A 3D
diffusion-weighted reversed fast imaging with steady-state preces-
sion (3D-PSIF) pulse sequence with inherent vascular signal sup-
pression was used for selective nerve imaging. A diffusion moment
value (b-value) of 85 s/mm2 was chosen for optimized peripheral
nerve-to-background contrast and signal-to-noise ratio (SNR).18 A
3D T2w SPACE (Sampling Perfection with Application optimized
Contrasts using different flip angle Evolution) sequence with STIR
(short tau inversion recovery) fat suppression was acquired primar-
ily for neural tissue characterization.
Functional MR neurography was accomplished using a pro-
totype sequence based on SMS accelerated rsEPI, in which a
blipped-CAIPIRINHA approach22 was used to reduce voxel blur-
ring and enable higher acceleration. In preliminary studies,23 SMS
accelerated rsEPI provided sufficient SNRs for reliable fiber tracing
of neuronal structures. Spatial resolution of the functional tensor
images was isotropic as well, with a voxel size of 1.5 3 1.5 3
1.5mm3. Pertinent parameters of the mentioned MR pulse sequen-
ces are summarized in Table 1.
Image Analysis
Image postprocessing was performed on a syngo-via platform (v.
VB10A, Siemens Healthcare). Image analysis was executed by two
independent readers (reader 1, A.M.: research fellow in musculo-
skeletal radiology with a PhD in neuroimaging; reader 2, F.P.K.:
Journal of Magnetic Resonance Imaging
394 Volume 44, No. 2
clinical fellow in musculoskeletal radiology with 2 years training in
neuroradiology).
Curved multiplanar reconstruction (MPR) was used to gen-
erate orthopantomogram like images from the 3D PETRA, T2w
SPACE-STIR, and PSIF datasets. Subsequently, the images were
assessed in overlay mode in order to analyze the relationship of the
IAN to the mandibular canal.
QUALITATIVE ANALYSIS. Qualitative assessment of image qual-
ity was performed independently by two readers using semiquanti-
tative 4-point Likert scales. Grading of artifacts due to image
distortion and artifacts due to motion and ghosting: 1, none; 2,
low; 3, moderate; 4, high. Grading of the anatomical delineation
of the mandibular canal and the dental roots and the IAN, respec-
tively: 1, >90%; 2, 75–90%; 3, 50–75%; 4, <50%. Areas of poor
anatomical delineation were attributed to the following segments
of the mandible: 1) incisor, 2) canine, 3) premolar, 4) molar.
Finally, the subjective overall image quality was addressed: 1, high;
2, moderate; 3, poor; 4, nondiagnostic.
QUANTITATIVE ANALYSIS. The syngo.via Neuro 3D tool (Sie-
mens Healthcare) was used for quantitative assessment of the func-
tional DTI data. Tractography was performed by two readers in
consensus with the following tracking parameters: minimal tract
length, 40mm; angle threshold, 308; fractional anisotropy (FA)
threshold, 0.2. One region of interest (ROI) was placed on each
side covering the mandibular canal at the level of the retro-
mandibular triangle. Quantitatively assessed were the number of
generated fiber tracts as well as FA values, mean diffusivity, axial
diffusivity, and radial diffusivity of the IAN on both sides. Mean
diffusivity5 (Dx1Dy1Dz)/3; axial diffusivity5Dx; radial diffu-
sivity5 (Dy1Dz)/2.
Statistical Analysis
All statistical tests were performed by using the SPSS Statistics soft-
ware (SPSS v. 22, IBM, Armonk, NY). Descriptive statistics were
used for artifacts due to distortions, artifacts due to motion and
ghosting, overall image quality, as well as FA, mean diffusivity,
axial diffusivity, radial diffusivity, and the number of generated
tracts for the IAN on both sides. The Cohen j statistic was used
to evaluate interobserver agreement. According to Landis and
Koch,24 kappa values of 0.41–0.60 were considered moderate
agreement, values of 0.61–0.80 were considered substantial
TABLE 1. MR Neurographic Orthopantomogram Pulse Sequence Parameters for PETRA, T2w SPACE STIR, PSIF,
and SMS rsEPI
Pulse sequence PETRA T2w SPACE STIR PSIF SMS rsEPI
Dimension 3D 3D 3D 2D
Slabs/slices 1/320 1/104 1/112 -/56
TR [msec] 3.61 4500 11.31 4470
TE [msec] 0.07 231a 3.76 71/110
Flip angle [degree] 6 Var. 30 90
Bandwidth [Hz/Px] 359 454 230 919
Fat suppression — STIR (TI 230 msec) Water excit. normal Fat sat.
b-value [s mm22] — — 85 0/1000b
FoV read [mm] 300 240 240 240
FoV phase [%] 100 70.3 100 100
Phase encoding dir. c R>>L R>>L A>>P
Matrix size 320 3 320 256 3 180 256 3 256 160 3 160
Slice thickness [mm] 0.9 0.9 0.9 1.5
Effective resolution [mm3] 0.9 3 0.9 3 0.9 0.9 3 0.9 3 0.9 0.9 3 0.9 3 0.9 1.5 3 1.5 3 1.5
Averages 1 1.7 1 1d
Partial Fourier — 6/8 (slice) — 7/8 (readout)
GRAPPA accl. factor — 2 — 2
SMS factor — — — 2
Time of acquisition 4:56min. 9:23min. 4:16min. 9:34min.
aEcho spacing, 4.43 msec; echo train duration, 549 msec.
bDiffusion scheme, monopolar.
cRadial acquisition with 80,000 directions.
dRead out segments, 5; directions, 12.
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agreement, values of 0.81–0.99 were considered almost perfect
agreement, and values of 1.00 were considered perfect agreement.
Statistical significance was assumed for P < 0.05.
Results
Image acquisition was feasible within a total scan time of
28:08 minutes per subject. Image postprocessing into “MR
neurographic orthopantomograms” by MPR (Fig. 1) and
subsequent overlay of morphological and neurographic
images was achieved without major coregistration mis-
matches in all 10 volunteers (Fig. 2).
Qualitative Analysis
Interrater agreement ranged from “substantial agreement” to
“almost perfect agreement” (Cohen’s kappa, 0.602–0.815)
for the qualitative evaluation of all acquired MR sequences
with respect to artifacts, delineation of the mandibular
canal/nerve, as well as the overall image quality (Table 2).
In general, the overall image quality was excellent for
all sequences and both readers (see Table 2 for a detailed
presentation of the qualitative analysis). Furthermore, all
sequences yielded no to low artifacts due to image distor-
tions (Table 2). However, the 3D PETRA and 3D PSIF
yielded low to moderate artifacts due to ghosting and/or
motion (Table 2). All sequences yielded an excellent per-
formance regarding the anatomical delineation of the man-
dibular canal and the IAN. In particular, the 3D PETRA
yielded a complete depiction of the mandibular canal for all
volunteers (Fig. 3), the 3D PSIF yielded a complete depic-
tion of the IAN for 9 out of 10 volunteers (one volunteer
with no visible delineation of the dental root in the area of
the incisors), the 3D T2w SPACE yielded a complete depic-
tion of the IAN for 8 out of 10 volunteers (two volunteers
without visible delineation of the dental root in the area of
the incisors), and the SMS accelerated rsEPI yielded a com-
plete depiction of the IAN in 8 out of 10 volunteers (one
volunteer without visible delineation of the dental roots in
the area of the incisors and one volunteer without visualiza-
tion of the dental roots in the area of the incisors and
canines).
Quantitative Analysis
Fiber tractography (Fig. 4) with quantitative evaluation of
physiological diffusion properties of mandibular nerves was
feasible in all volunteers. The number of generated fiber tracts
(mean6 SD) was 52.736 43.60 (right IAN, 51.446 40.58;
left IAN, 53.906 46.12). Quantitative analysis of the
obtained fiber tracts yielded the following mean6 SD values:
FA, 0.436 0.07 (right IAN, 0.436 0.08; left IAN,
0.426 0.06); mean diffusivity (mm2/s), 0.00146 0.0002
FIGURE 1: MR neurographic orthopantomogram. Curved
planes reconstructed from 3D-PETRA (A) and 3D-PSIF (B) fol-
lowing the anatomical orientation of mandibular canal/nerve.
FIGURE 2: A: The mandibular canal acquired with PETRA. B:
The mandibular nerve acquired with PSIF. C: An overlay of
PETRA (gray scale) and PSIF (hot-metal scale).
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(right IAN, 0.00146 0.0002; left IAN, 0.00146 0.0002);
axial diffusivity, 0.00206 0.0002 (right IAN,
0.00206 0.0002; left IAN, 0.00206 0.0003), and radial dif-
fusivity, 0.00116 0.0001 (right IAN, 0.00116 0.0001; left
IAN, 0.00116 0.0002).
Discussion
Our results support the hypothesis that recent advances in
high-field MR technology enable the acquisition of
orthopantomogram-like MR images complemented with
high-resolution morphological and functional MR-
neurography in a routine clinical setting (total scan time
28min). Certain advances are associated with the recently
emerged SMS acceleration technique.25,26 Other advances
are due to multichannel phased-array MR coils capable of
UTE image acquisition (TE <100 ls) in combination with
fast and robust signal sampling strategies, ie, radial filling of
the k-space, allowing for cancellous and cortical bone imag-
ing. Finally, higher-field MRI with inherent higher SNRs
facilitates high-resolution 3D imaging in a reasonable scan
time for clinical routine.
The applied 3D PETRA pulse sequence generated
robust images of the mandible and adjacent structures. In
fact, due to fast radial signal sampling, susceptibility to
motion is particularly low. Cortical bone and teeth with
inherent very short transverse relaxation yielded detectable
signals, even though they were rather low compared to the
high signal of adjacent fatty bone marrow and subcutaneous
TABLE 2. Qualitative Analysis for PETRA, T2 SPACE STIR, PSIF, and SMS rsEPI
Reader 1 Reader 2
Kappa P-value
Mean SD Mean SD
PETRA
Artifacts (distortions) 1.40 0.52 1.40 0.70 0.602 0.016
Artifacts (motion / ghosting) 2.50 0.53 2.40 0.52 0.800 0.010
Delineation left mandibular canal 1.20 0.42 1.30 0.48 0.737 0.016
Delineation right mandibular canal 1.10 0.32 1.20 0.42 0.615 0.035
Overall image quality 1.20 0.42 1.30 0.67 0.706 0.003
T2w SPACE STIR
Artifacts (distortions) 1.20 0.42 1.30 0.67 0.706 0.003
Artifacts (motion / ghosting) 1.60 0.52 1.70 0.67 0.815 0.003
Delineation left IAN 1.20 0.42 1.10 0.32 0.615 0.035
Delineation right IAN 1.30 0.48 1.20 0.42 0.737 0.060
Overall image quality 1.30 0.48 1.30 0.48 0.624 0.098
PSIF
Artifacts (distortions) 1.30 0.48 1.40 0.70 0.778 0.003
Artifacts (motion / ghosting) 2.30 0.48 2.20 0.42 0.747 0.015
Delineation left IAN 1.20 0.42 1.30 0.67 0.706 0.003
Delineation right IAN 1.30 0.48 1.30 0.67 0.612 0.024
Overall image quality 1.20 0.42 1.30 0.48 0.737 0.016
SMS rsEPI
Artifacts (distortions) 1.30 0.48 1.40 0.52 0.783 0.011
Artifacts (motion / ghosting) 1.80 0.42 1.90 0.57 0.665 0.022
Delineation left IAN 1.40 0.70 1.30 0.48 0.778 0.003
Delineation right IAN 1.40 0.70 1.30 0.48 0.778 0.003
Overall image quality 1.40 0.70 1.50 0.71 0.804 0.001
Qualitative assessment was performed independently by two fellowship-trained radiologists using a semiquantitative 4-point Likert
scale ranging from 1 to 4: artifacts due to image distortion or motion/ghosting (1, none; 4, high), delineation of the mandibular canal
and the dental roots and the IAN, respectively (1,> 90%; 4,< 50%), overall image quality (1, high; 4, nondiagnostic). For interreader
agreement, kappa values and corresponding P-values are given.
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fat. The available UTE sequence did not permit acquiring a
second echo with longer TE, thus image subtraction and
subsequent contrast optimization of cortical bone was not
possible. Nonetheless, anatomical delineation of the man-
dibular canal, dental roots, and the IAN was possible with a
high diagnostic confidence and good interreader reliability.
T2w images are important to evaluate normal nerve
anatomy and to detect pathological alterations of the fascic-
ular bundles.20 Generally, the optimal image plane for
peripheral nerve assessment is perpendicular to the long axis
of the nerve, thus isotropic 3D data acquisition and subse-
quent multiplanar image reconstruction is favored. Uniform
fat suppression was achieved with an inversion recovery
preparation pulse (STIR). This is of major importance, as
intraneural signal abnormalities can be subtle and surround-
ing fat may obscure these findings.20 The additional 3D
PSIF sequence with vascular signal suppression due to low-
diffusion moment allowed for selective visualization of the
IAN. Therefore, this sequence may facilitate detection of
individual fascicle discontinuity, focal nerve size alterations,
focal trace deviations, neuroma-in-continuity or end-bulb
neuroma. Due to short echo times, however, this sequence
showed more magic-angle artifacts compared to the T2w
image acquisition. A drawback of 3D acquisition schemes is
its susceptibility to motion artifacts. Nevertheless, in the
present study slight swallowing artifacts did not deteriorate
image quality to a significant degree.
Regarding neurographic DTI data acquisition, the
rsEPI sequence (RESOLVE) elicited no major distortion
artifacts due to disruption of the local magnetic field in the
oral cavity. Interestingly, even though the readout segmenta-
tion renders the sequence more prone to motion artifacts,
FIGURE 3: Volume rendered 3D data acquired using PETRA.
The orientation was chosen to depict the left mandibular canal
in full detail (see white arrows).
FIGURE 4: Functional MR neurography of the inferior alveolar nerve. A,B: The calculated fiber tracts of the right and left inferior
alveolar nerves of a healthy volunteer in axial, coronal and sagittal orientation, respectively. All fiber tracts were fused with a T2w
SPACE STIR sequence to allow for better anatomical orientation.
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no considerable impact on image quality was found. The
robustness of the acquired data might be partly attributed
to a markedly reduced image acquisition time thanks to the
SMS acceleration technique and partly to motion navigators,
which control and correct corrupted segments.
The advantage of DTI is its ability to provide insight
into the neural microarchitecture and to quantify nerve
pathologies. Particularly, a decrease in the FA, reflecting loss
of the physiological anisotropy of water diffusion along the
neuronal fascicles, and an increased MD, representing
higher diffusivity, might help to characterize neuronal
lesions. Furthermore, it has been suggested that increased
axial diffusivity values imply axonal damage, whereas an
increase in radial diffusivity rather reflects myelin degrada-
tion.27 Our results revealed symmetrical IAN fiber-tracts
and quantitative values within the expected range for
peripheral nerves.10
Finally, the high and isotropic resolution of the mor-
phological data allows for convenient image assessment in
any orientation of the 3D space. In addition, postprocessing
of the acquired data by curved MPR into
orthopantomogram-like images visualizes panoramically the
entire IAN along its course through the mandibular canal
and facilitates the comparison of MR with conventional
radiographical images. The subsequent overlay of MR-
neurographic data to the morphological bone images per-
mits simultaneous assessment of osseous and neural struc-
tures, particularly important for pathologies that affect both
of these anatomical entities.
Certain limitations have to be acknowledged: The
single-echo UTE sequence was acquired without fat suppres-
sion in order to detect potential bone marrow replacement
by pathological processes. However, due to the high signal
of fat when compared to the rather low signal of cortical
bone and teeth, intrinsic contrast of the latter structures was
rather poor. Although 3D T2w SPACE with STIR obviates
the need for an additional fat-suppressed sequence, one
might use a fat saturation or water excitation technique to
ameliorate the contrast within the structures with short
transverse relaxation time and consecutively add a T1w
sequence for bone marrow replacement detection to the
imaging protocol. A T1w sequence will also be useful in the
clinical setting for detection of perineural scarring and nerve
entrapment from traumatic or iatrogenic injuries. The rather
young volunteer population does not allow extrapolation of
the quantitative reference values for functional MR-
neurography to an older population. Thus, age-matched
controls will have to be used for further patient studies and
potential artifacts related to dental implants will have to be
assessed separately.
In conclusion, the proposed technique of MR neuro-
graphic orthopantomogram exploiting UTE imaging com-
plemented with high-resolution morphological and
functional MR neurography was feasible and allowed com-
prehensive assessment of osseous texture and neural micro-
architecture in a single examination and within scan times
suitable for routine clinical practice.
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Simultaneous Multislice Readout-
Segmented Echo Planar Imaging for
Accelerated Diffusion Tensor Imaging of
the Mandibular Nerve: A Feasibility Study
Andrei Manoliu, MD, PhD,1,2* Michael Ho, MD,1 Marco Piccirelli, PhD,3
Daniel Nanz, PhD,1 Lukas Filli, MD,1 Evelyn Dappa, MD,1 Wei Liu, PhD,4
Dominik A. Ettlin, MD, DMD,5 Andreas Boss, MD, PhD,1
Gustav Andreisek, MD, MBA,1 and Felix P. Kuhn, MD, MAS1
Purpose: To assess the feasibility of diffusion tensor imaging (DTI) using simultaneous multislice (SMS) acquisition with
blipped controlled aliasing in parallel imaging (CAIPI) for accelerated readout-segmented echo planar imaging (rs-EPI)
of the mandibular nerves. DTI of the mandibular nerves using EPI is challenging due to susceptibility artifacts. Rs-EPI is
less prone to artifacts but associated with longer scan durations.
Materials and Methods: Eight asymptomatic volunteers were imaged at 3T using a 64-channel head/neck coil. Conven-
tional, 2-fold (2xSMS) and 3-fold (3xSMS) slice-accelerated rs-EPI sequences were acquired. Tractography of the man-
dibular nerves was performed. Signal-to-noise ratio (SNR), fractional anisotropy (FA), mean diffusivity (MD), and number
of tracts were calculated. Artifacts were evaluated qualitatively on Likert scales. Parameters were compared statistically.
Clinical feasibility of 2xSMS rs-EPI was tested in four patients.
Results: SNR was similar for conventional (mean6 SD; 8.556 3.90) and 2xSMS rs-EPI (7.836 3.15) but lower for 3xSMS
rs-EPI (5.4262.93; analysis of variance, P5 0.004). FA was similar for all sequences (rs-EPI, 0.426 0.08; 2xSMS rs-EPI,
0.436 0.08; 3xSMS rs-EPI, 0.446 0.06), while 3xSMS rs-EPI showed lower MD (rs-EPI, 0.00156 0.0003; 2xSMS rs-EPI,
0.00146 0.0001; 3xSMS rs-EPI, 0.001360.0003) and lower number of tracts (rs-EPI, 66.566 51.31; 2xSMS rs-EPI,
65.75655.40; 3xSMS rs-EPI, 37.936 52.42) compared to rs-EPI and 2xSMS rs-EPI. Additionally, 2xSMS rs-EPI was feasi-
ble in four clinical patients and provided robust imaging results.
Conclusion: 2xSMS rs-EPI yielded similar SNR, FA, and MD values compared to conventional rs-EPI at reduced scan
time and is feasible in clinical patients. These findings suggest the potential clinical applicability of rs-EPI for DTI of the
mandibular nerve.
Level of Evidence: 2
J. MAGN. RESON. IMAGING 2017;00:000–000
The mandibular nerve is susceptible to traumatic
1 or iat-
rogenic injuries induced during block anesthesia,2 root
canal treatment,3 removal of molar teeth,4 and orthognathic
surgery.5 Traditionally, the evaluation of peripheral neural
pathologies is mainly based on clinical and electrophysiolog-
ical assessment.7 However, due to methodological advances
magnetic resonance imaging (MRI) has emerged as the
method of choice to evaluate peripheral nerves (MR neurog-
raphy, MRN)8 as well as cranial nerves9 over the last deca-
des. In particular, MRN yields an accurate depiction of the
morphology of the peripheral nerves under physiological
and pathological conditions,10–12 enhancing the diagnostic
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accuracy and contributing to an improved clinical manage-
ment.13 Recently, diffusion-weighted imaging (DWI) and
diffusion-tensor imaging (DTI) have been evaluated for
MRI of the peripheral nerve system.14 Despite the first
promising imaging results in peripheral nerves, such as the
ulnar,15 median,16,17 or tibial nerves,18 as well as successful
preliminary clinical applications,19 DWI of the cranial
nerves, including the mandibular nerve, is still challenging
and requires further optimization.
One major challenge still limiting the application of
DWI/DTI for evaluating the mandibular nerve are suscepti-
bility artifacts due to local field inhomogeneities, especially
within and around the oral cavity.20,21 Generally used single
shot spin echo planar imaging (ss-EPI) pulse sequences for
diffusion tensor based neurography are based on whole k-
space sampling after a single spin excitation and are there-
fore particularly sensitive to susceptibility artifacts.22 In con-
trast, newly developed readout segmented EPI sequences (rs-
EPI),22 which have been successfully applied for diffusion
imaging of the brain,23,24 are less prone to susceptibility
artifacts. In particular, rs-EPI sequences divide the k-space
trajectory into multiple segments in the readout direction,
which allows for an encoding-time reduction by shorter
echo spacing and shorter echo-train duration compared to
ss-EPI sequences, yielding a greater robustness regarding sus-
ceptibility artifacts.22,25
However, every readout segment in k-space requires a
separate radiofrequency pulse; therefore, the improvement in
image quality is associated with an increased acquisition
time.22,26 Recently, simultaneous multislice (SMS) acquisi-
tion based on the blipped controlled aliasing in parallel
imaging (blipped-CAIPI) technique has been successfully
used to significantly reduce the necessary scan duration for
rs-EPI.27,28 This new approach is assumed to enable a
robust acquisition of DWI data of the mandibular nerve
while maintaining an adequate scan time for clinical rou-
tine. Furthermore, this method was recently validated for
diffusion imaging of peripheral nerves.29
The aim of the current study was to assess the feasibil-
ity of 2-fold (2xSMS) and 3-fold (3xSMS) accelerated SMS-
rs EPI for DWI/DTI of the mandibular nerve and to com-
pare the obtained fractional anisotropy (FA) and mean dif-
fusivity (MD) values with conventional rs-EPI without
acceleration.
Materials and Methods
The local Ethics Board approved the current prospective MRI
study in asymptomatic volunteers. Written informed consent was
obtained from all participants. The study was registered in the offi-
cial research database of the University of Zurich, Switzerland. No
financial support was provided by industry. One of the authors was
an employee of Siemens Shenzhen Magnetic Resonance (Shenzhen,
China). However, the other authors had full control of the data.
MRI
IMAGING PROTOCOL. MRI was performed on a 3T system
(MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany)
using a 64-channel head/neck coil (Siemens Healthcare). For ana-
tomical characterization of the mandibular nerve, a 3D T2-weight-
ed (T2w) SPACE (sampling perfection with application optimized
contrasts using different flip angle evolution) sequence with STIR
(short tau inversion recovery) fat suppression was acquired using
the following parameters: repetition time (TR)5 4500 msec; echo
time (TE)5 231 msec; field of view (FoV) (read/phase)5 240mm
/ 70.3%; phase-encoding direction, right to left; matrix size5 256
3 180; slice thickness5 0.9mm; effective resolution5 0.9 3 0.9
3 0.9mm, total acquisition time, 9 minutes 23 seconds. For
DWI/DTI of the mandibular nerve, a prototype sequence based
on diffusion-weighted and readout-segmented echo planar imaging
with simultaneous multislice excitation (SMS rs-EPI) was applied.
In particular, the blipped-controlled aliasing in parallel imaging for
simultaneous multislice echo planar imaging (blipped-CAIPI) tech-
nique was integrated into the rs-EPI sequence resulting in a
blipped-CAIPI-based rs-EPI pulse sequence (SMS rs-EPI). In addi-
tion to the conventional rs-EPI, SMS rs-EPI sequences were
applied with 2xSMS rs-EPI and 3xSMS rs-EPI slice acceleration.
All sequence parameters were kept identical for all diffusion
sequences except for the slice acceleration and resulting adjustments
of TR and number of slices (for detailed imaging parameters, see
Table 1). In addition, identical diffusion scans were performed sub-
sequent to the aforementioned diffusion sequences for all volun-
teers to measure the noise and allow for the calculation of SNR.
VOLUNTEER IMAGING. For all volunteers, all sequences were
acquired successively. To avoid a potential bias due to scanner drift
or increasing movement during the examination, the order of the
acquired diffusion sequences was chosen randomly for all
volunteers.
Data Analysis
SNR MEASUREMENTS. SNR analysis followed the procedure
described in full detail by Reeder et al31 and applied by Filli et al
for SNR evaluation in peripheral nerves.29 Briefly, each diffusion
sequence was acquired twice and difference images between the
two aforementioned images were calculated. The SNR was defined
as follows:
SNR5
jqj
r
3
ﬃﬃﬃ
2
p
where q is the magnitude of the detected transverse magnetization,
ie, the signal intensity as measured on the b5 0 image, r is the
standard deviation of the corresponding noise components as mea-
sured on the difference image, and !2 is a correction factor.29,31–33
First, SNR was calculated on a voxel-wise basis. Image data and
corresponding noise data were postprocessed individually, yielding
voxel-based SNR maps. Subsequently, two readers (A.M. and
M.J.H.) placed a region of interest (ROI) covering each mandibu-
lar nerve at the level of the retromandibular triangle and corre-
sponding SNR values were extracted. This procedure resulted in
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one SNR value for each mandibular nerve and reader. Therefore,
the statistical evaluation of potential differences in SNR between
sequences was performed for each side and reader, individually (see
below). For all following SNR correction steps, SNR values for
both readers and sides were concatenated for each volunteer.
SNR CORRECTION DUE TO SEQUENCE-SPECIFIC DIFFER-
ENCES IN ACQUISITION TIME. To determine the SNR efficien-
cy of a particular acquisition scheme, the measured SNR was
divided by the square root of the respective acquisition time:
SNRðTAÞ5 SNRﬃﬃﬃﬃﬃﬃ
TA
p
where TA is the total acquisition duration (29).
QUANTITATIVE DIFFUSION ANALYSIS. Quantitative analysis of
the acquired diffusion data was performed using the syngo.via
Neuro 3D tool (v. 3.0, Siemens Healthcare). First, tractography of
each mandibular nerve was performed by placing an ROI on each
side covering the mandibular canal at the level of the retromandib-
ular triangle. Tracts were generated using the following parameters:
minimal tract length5 40mm, angle threshold 308, fractional
anisotropy threshold 0.2.29 Subsequently, the following
measurements were extracted for each volunteer and side, respec-
tively: 1) number of generated fiber tracts, 2) FA values, 3) MD
values.
QUALITATIVE IMAGE EVALUATION. All acquired images were
anonymized (subject’s initials blinded) and saved in the hospitals
picture archiving and communication system (PACS; Impax 6.0,
Agfa Healthcare, Mortsel, Belgium). Subsequently, two blinded
fellowship-trained radiologists assessed the images independently
(A.M. and M.J.H.) with respect to artifacts and overall image qual-
ity. In particular, the following parameters were assessed: 1) arti-
facts due to image distortion, ghosting and motion using a 4-point
Likert scale (0, none; 1, low; 2, moderate; 3, high); 2) Grading of
the anatomical delineation of the mandibular nerve (0, <50%; 1,
50–75%; 2, 75–90%; 3, >90%); 3) overall image quality using a
5-point Likert scale ranging from 1 to 5 (1, excellent; 2, good; 3,
moderate; 4, poor; 5, complete lack of diagnostic information).
Assessment of Feasibility in Clinical Subjects
In order to assess the feasibility of the simultaneous multislice exci-
tation technique in a clinical context, we acquired DTI data with
2-fold (2xSMS) slice-accelerated rs-EPI sequences in four consecu-
tive patients using the identical sequence parameters for 2xSMS rs-
TABLE 1. Scan Parameters of the Readout-Segmented Echo-Planar Imaging Sequences With Different Slice
Acceleration Factors
Conventional rs-EPI 2xSMS rs-EPI 3xSMS rs-EPI
Number of slices 56 56 57
TR [msec] 8940 4470 3090
TE [msec] 71 71 71
Flip angle [degree] 180 180 180
Bandwidth [Hz/Px] 919 919 919
Fat suppression Fat sat. Fat sat. Fat sat.
Number of diffusion directions 12 12 12
Number of readout segments 5 5 5
b-value [s mm-2] 0/1000 0/1000 0/1000
FoV read [mm] 240 240 240
FoV phase [%] 100 100 100
Phase encoding dir. A>>P A>>P A>>P
Matrix size 1603 160 1603 160 1603 160
Slice thickness [mm] 1,5 1,5 1,5
Effective resolution [mm] 1.53 1.53 1.5 1.53 1.53 1.5 1.53 1.53 1.5
Averages 1 1 1
Partial Fourier 7/8 (readout) 7/8 (readout) 7/8 (readout)
iPAT accel. factor 2 2 2
Slice acceleration factor 1 2 3
Total scan time 18:21min 9:34min 6:46min
rs-EPI, readout-segmented echo planar imaging; SMS, simultaneous multislice acquisition; iPAT, integrated parallel acquisition tech-
nique; TR, repetition time; TE, echo time, FoV, field of view; TR, repetition time; TE, echo time.
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EPI stated in Table 1. Additionally, the following sequences were
performed to provide morphological MR-images according to30: 1)
3D UTE PETRA (pointwise encoding time reduction with radial
acquisition) single echo sequence (Quiet-Suite, Siemens Healthcare)
using the following parameters: TR5 3.61 msec, TE5 0.07 msec,
flip angle5 68, bandwidth5 359Hz/Px, FoV read5 300mm, FoV
phase5 100%, matrix size5 320 3 320, slice thickness5 0.9mm,
effective resolution5 0.9 3 0.9 3 0.9mm, averages5 1, acquisi-
tion time5 4:56min; 2) 3D diffusion-weighted reversed fast imag-
ing with steady state precession (3D-PSIF) with inherent vascular
signal suppression using following parameters: TR5 11.31 msec,
TE5 3.76 msec, flip angle5 308, bandwidth5 230Hz/Px, fat
suppression5water excitation, b-value5 85 s*mm-2, FoV read-
5 240 msec, FoV phase5 100%, matrix size5 256 3 256, slice
thickness5 0.9mm, effective resolution5 0.9 3 0.9 3 0.9mm,
averages5 1, acquisition time5 4:16min; 3) 3D T2w SPACE
sequence with STIR fat suppression using the following parame-
ters: TR5 4500 msec, TE5 231 msec, flip angle5 various; band-
width5 454Hz/Px, fat suppression5 STIR (TI, 230 msec), FoV
read5 240mm, FoV phase5 70.3%, matrix size5 256 3 180,
slice thickness5 0.9mm, effective resolution5 0.9 3 0.9 3
0.9mm, averages5 1.7, partial Fourier5 6/8 (slice), acceleration
factor5 2, acquisition time5 9:23 minutes. Regarding subsequent
analysis, the tractography parameters corresponded to tract lengths
of 40–400mm, two seed points per voxel length, a 308 angle
threshold, and a 0.2 FA threshold. The applied ROIs included the
inferior alveolar nerve (IAN) at the level of the mandibular angle
and close to the mandibular foramen with an ROI size adapted to
the nerve diameter on the overlaid T2w images.
Statistical Analysis
All statistical analyses were performed using SPSS (release 22.0,
Chicago, IL). Interreader agreement was assessed by calculating the
intraclass correlation coefficients (ICCs) for SNR, FA, MD, and
number of tracts and by calculating Cohen’s kappa for the artifact
scores, delineation of the mandibular nerve, and the overall image
quality. Cohen’s kappa values were interpreted according to Landis
and Koch,34 and ICC values according to Kundel and Polanski.35
Normal distribution of SNR, FA, MD, and number of tracts was
evaluated using the Shapiro–Wilk’s test (significance level
a5 0.05). To assess potential between-group effects, analysis of
variance (ANOVA) was performed for interval-scaled variables
(SNR, FA, MD, number of tracts) and Friedman tests were per-
formed for ordinal-scaled variables (artifacts scores, delineation of
the mandibular nerve, overall image quality). To evaluate potential
differences between conventional rs-EPI and 2xSMS rs-EPI, con-
ventional SMS rs-EPI and 2xSMS rs-EPI as well as 2xSMS rs-EPI
and 3xSMS rs-EPI, post-hoc two-sample t-tests were performed for
interval-scaled variables (SNR, FA, MD, number of tracts) and
post-hoc Wilcoxon signed-rank tests were performed for ordinal-
scaled variables (artifacts scores, delineation of the mandibular
nerve, overall image quality). All statistical tests were Bonferroni-
corrected for multiple comparisons (significance level a5 0.05).
Results
Eight healthy asymptomatic volunteers were included in
the current study (five women, mean age 22.9 years,
range, 20–50 years and three men, mean age 26.6 years,
range 26–27 years). Participants’ data were partially used in
a previous study investigating the feasibility of ultrashort
echo time sequences for obtaining an MR-based orthopan-
tomogram of the jaw.30 Inclusion criterion was willingness
to participate in this study. Exclusion criteria were current
or past systemic neurological disorder, acute or chronic sen-
sory disorders, painful dysesthesias, pregnancy, claustropho-
bia, and metallic and dental implants, particularly retainers.
Dental filling or tooth crown were not exclusion criteria.
No contrast agent was administered in this study. All images
were successfully acquired. Specific absorption rate (SAR)
remained below individual limits in all sequences. None of
the subjects reported having voluntarily or accidentally
opened the mouth during the scans.
SNR Analysis
The interobserver reliability (ICC) was 0.078 for conven-
tional rs-EPI, 0.898 for 2xSMS rs-EPI, and 0.972 for
3xSMS rs-EPI. SNR yielded normal distribution for both
readers and all sequences (R1, P # 0.257; R2, P # 0.087).
Measured SNR decreased with increasing acceleration for
both readers (see Table 2 for detailed presentation of the
SNR characteristics for both readers and all sequences and
Fig. 1 for voxelwise SNR maps for all diffusion sequences).
ANOVA revealed no statistically significant group effect
between all sequences after correction for multiple compari-
sons for both readers. However, post-hoc analysis revealed
significantly lower SNR for 3xSMS rs-EPI compared to con-
ventional rs-EPI for both readers (R1, P5 0.048, R2,
P5 0.006, Bonferroni-corrected for multiple comparisons)
and reduced SNR compared to 2xSMS rs-EPI for reader 1
(R1, P5 0.005; R2, P5 0.085, Bonferroni-corrected for
multiple comparisons) (Table 2). When concatenating all
data across readers and sides, ANOVA yielded a statistically
significant group effect (P5 0.004). Furthermore, post-hoc
analysis yielded significantly lower SNR for 3xSMS rs-EPI
compared to conventional rs-EPI (P < 0.001) and 2xSMS
rs-EPI (P5 0.001). To account for sequence-specific differ-
ences in scan duration, correction factors were calculated for
the acquisition time (see Table 3). Regarding SNR-values
corrected for the acquisition time, 2xSMS rs-EPI yielded
significantly higher SNR compared to conventional and
3xSMS rs-EPI (see Table 3).
Quantitative Diffusion Analysis
Tractography was feasible in all volunteers for all sequences
except for one volunteer using 3xSMS rs-EPI (Fig. 2). After
tractography was performed, FA and MD values were
extracted. In addition, the number of generated tracts was
counted for each mandibular nerve. Interobserver reliability
(ICC) ranged from 0.751–0.929 for FA, 0.914–0.967 for
MD, and 0.966–0.974 for the number of generated tracts
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for all sequences. Normal distribution was given for all
sequences and both readers regarding FA (R1, P # 0.114;
R2, P # 0.168), MD (R1, P # 0.264; R2, P # 0.264),
and the number of tracts (R1, P # 0.069; R2, P # 0.068).
After Bonferroni-correction for multiple comparisons,
ANOVA yielded a significant group effect for MD for read-
er 2 (R1, P5 0.107, R2, P5 0.006, Table 4). Post-hoc
analysis yielded lower MD for 3xSMS rs-EPI compared to
conventional rs-EPI for reader 2 (R1, P5 0.057; R2,
P5 0.006) and 2xSMS rs-EPI (R1, P5 1.192; R2,
P5 0.036, see Table 4). In addition, analysis yielded a trend
towards lower number of tracts for 3xSMS rs-EPI compared
to conventional and 2xSMS rs-EPI for both readers. howev-
er, the results lost significance after correction for multiple
comparison (Table 4). No significant differences between
groups were found for FA.
Qualitative Analysis
Interobserver reliability (Cohen’s kappa) ranged from 0.60–
0.758 for the artifact scores, 0.60–0.81 for the delineation
of the mandibular nerve, and 0.71–0.81 for the overall
image quality for all three sequences.
In general, artifact scores were rated higher with
increased acceleration for both readers. In particular, Fried-
man test revealed a significant between-group effect for
reader 1 (P5 0.015) and a trend towards significant
between-group effect for reader 2 (P5 0.059; see Table 5
and Fig. 3). For reader 1, post-hoc analysis revealed signifi-
cant higher artifact scores for 3xSMS rs-EPI compared to
conventional rs-EPI for reader 1 (R1, P5 0.034; R2,
P5 0.059) and 2xSMS rs-EPI (R1, P5 0.046; R2,
P5 0.063). No significant differences were found between
2xSMS rs-EPI and conventional rs-EPI for either reader.
Regarding the delineation of the left and right mandibular
nerve, statistical analysis revealed a significant group effect
for reader 2 (left side: R1, P5 0.223; R2, P5 0.037; right
side: R1, P5 0.368; R2, P5 0.050). Post-hoc analysis
yielded no significant difference between the different diffu-
sion sequences (Table 5). Overall image quality showed a
tendency towards decreasing with increased slice accelera-
tion. Statistical analysis revealed a statistically significant
between-group effect for reader 2 (R1, P5 0.061; R2,
P5 0.023). However, post-hoc analysis did not yield a sta-
tistically significant difference between the different diffu-
sion sequences (Table 5).
Clinical Application
Patient 1 (age 41 years; mean FA [right/left IAN]5 0.44/
0.46; mean MD [right/left IAN]5 0.0013/0.0014) suffered
from chronic intermittent pain in the left lower mandible.
Morphological MRN was considered within normal limits
(Fig. 4A). Patient 2 (age 33 years; mean FA [right/left
IAN]5 0.45/0.43; mean MD [right/left IAN]5 0.0014/
0.0016) had chronic pain on the left side after a fracture of
the mandible. MRN showed a corresponding focal posttrau-
matic neuroma at the level of the left mandibular angle
(Fig. 4B). Patient 3 (age 36 years; mean FA [right/left
IAN]5 0.45/0.45; mean MD [right/left IAN]5 0.0014/
0.0015) reported recurrent fulminant pain on the left side
in relation to chewing. The acquired cone-beam computed
tomography images elicited a focal osteolytic lesion below
the root of tooth 36 with focal thinning of the adjacent
FIGURE 1: Voxelwise SNR maps for the readout-segmented echo-planar imaging sequences with different slice acceleration fac-
tors. SNR was calculated on a voxelwise basis. Image data and corresponding noise data were postprocessed individually, yielding
voxel-based SNR maps. SNR maps for the same asymptomatic volunteer are demonstrated using conventional rs-EPI, 2xSMS rs-
EPI, and 3xSMS rs-EPI, respectively. Compared to conventional rs-EPI, 2xSMS rs-EPI yielded similar SNR in the mandibular nerve,
while 3xSMS rs-EPI yielded lower SNR. SNR values are color-coded from 0 (black) to 25 (yellow/white). rs-EPI, readout-segmented
echo planar imaging; SMS, simultaneous multislice acquisition.
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cortical envelope of the mandibular canal. The morphologic
MR images classified the tissue within the lesion as fat (Fig.
4C). Patient 4 (age 35 years; mean FA [right/left
IAN]5 0.43/0.43; mean MD [right/left IAN]5 0.0011/
0.0014) was referred for an incidental finding of a large
intraosseous cyst in a previously acquired orthopantomo-
gram. MRN revealed that the IAN was intact but displaced
posteriorly and laterally (Fig. 4D). All acquired DTI datasets
were qualitatively superimposable to the image quality
found in the previously described healthy volunteers.
Discussion
To evaluate the feasibility of 2xSMS and 3xSMS rs-EPI for
DWI/DTI of the mandibular nerve, we assessed quantitative
data by means of FA, MD, number of tracts, and SNR for
each mandibular nerve and qualitative data by means of axi-
al DWI images in eight healthy volunteers. We found that
2xSMS rs-EPI yielded similar FA, MD, number of tracts,
and SNR as well as similar artifact scores compared to con-
ventional rs-EPI, while 3xSMS rs-EPI yielded lower SNR,
lower number of tracts, and higher artifact scores compared
FIGURE 2: Tractography results for the readout-segmented echo-planar imaging sequences with different slice acceleration fac-
tors. Tractography was performed by placing an ROI on each side covering the mandibular canal at the level of the retromandibu-
lar triangle. Tractography results for the same asymptomatic volunteer are demonstrated using conventional rs-EPI, 2xSMS rs-EPI,
and 3xSMS rs-EPI in sagittal, coronal, and axial orientations. Furthermore, a 3D reconstruction is shown for all accelerations. Com-
pared to conventional rs-EPI, 2xSMS rs-EPI yielded similar number of tracts, while 3xSMS rs-EPI yielded lower number of tracts. It
is noted that tractography was not feasible in one out of eight volunteers using 3xSMS rs-EPI. rs-EPI, readout-segmented echo
planar imaging; SMS, simultaneous multislice acquisition.
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to the conventional rs-EPI as well as 2xSMS rs-EPI. There-
fore, the current results demonstrate that DWI/DTI imaging
of the mandibular nerve using accelerated SMS rs-EPI is feasi-
ble and can be robustly performed with a 2-fold acceleration.
The SNR measured in the mandibular nerve was within
the range of the current literature for peripheral nerves.29,36 In
general, measured SNR was decreasing with increased slice
acceleration. In particular, 3-fold-accelerated rs-EPI yielded
lower SNR compared to conventional and 2-fold-accelerated
rs-EPI. This effect was observed for both readers.
SNR depends on a number of factors, including the
spatial resolution and sequence-specific parameters, such as
FIGURE 3: Diffusion maps for the readout-segmented echo-planar imaging sequences with different slice acceleration factors. Trace
maps (depicting the sum of the three diffusion eigenvalues), MD (mean diffusivity) maps, and FA (fractional anisotropy) maps are
shown for the same asymptomatic volunteer using conventional rs-EPI, 2xSMS rs-EPI, and 3xSMS rs-EPI. The left and right mandibular
nerves can be depicted on all demonstrated maps and are indicated exemplarily in the upper-left trace map (white arrows).
Manoliu et al.: SMS rs-EPI for Accelerated DTI
Month 2017 11
TE and TR. In particular, the SNR is positively correlated
with the voxel size and the TR and negatively correlated
with the TE. Therefore, reducing the TR is assumed to
decrease the SNR.32 In our current study, the SNR was
compared between three diffusion sequences with different
acceleration factors, and thus different acquisition times.
FIGURE 4: Clinical application and multimodal correlation of tractography in four patients. A: Tractography of the inferior alveolar
nerve (IAN) in a patient with chronic pain in the left lower mandible. Morphological MRN was considered within normal limits (not
shown). B1: Tractography of the IAN in a patient with chronic pain on the left side after a fracture of the mandible. B2: The 3D-PSIF
pulse sequence (reversed fast imaging with steady state precession) used for MRN showed a focal neuroma at the level of the left man-
dibular angle (arrow). C1: Tractography of the IAN in a patient with pain on the left side during chewing. C2: The cone-beam computed
tomography images elicited a focal osteolytic lesion below the root of tooth 36 (black arrow) with focal thinning of the adjacent cortical
envelope of the mandibular canal (white arrow). The morphologic MR images classified the tissue within the lesion as fat (images not
shown). D1: Tractography of the IAN in an asymptomatic patient with an incidental finding of a large intraosseous cysts (white arrow).
D2: Orthopantomography showing this large cystic lesion on the right side (black arrow). The IAN is displaced posteriorly and laterally.
Journal of Magnetic Resonance Imaging
12 Volume 00, No. 00
Noteworthy, TR was adjusted with respect to the accelera-
tion, resulting in decreasing TR with increased acceleration.
Given the identical spatial resolution, bandwidth, and TE
for the different sequences, theoretical accounts suggest that
increased acceleration will decrease the measured SNR,
which is in line with the current results. Furthermore, the
lower distance between excited slices might hamper their
separation, additionally compromising the SNR.29 When
correcting for different acquisition times, 2xSMS rs-EPI
yielded significantly higher SNR efficiency than convention-
al rs-EPI. This, of course, might be explained in part by a
higher signal fluctuation due to the longer acquisition time
and some more motion artifacts, compromising the SNR
efficiency for conventional rs-EPI. However, 3xSMS rs-EPI
yielded similar SNR efficiency compared to conventional rs-
EPI and lower SNR efficiency compared to 2xSMS rs-EPI.
In the current study, we used a 64-channel head-neck coil,
which has not been optimized for high simultaneous multi-
slice acceleration factors. In particular, a g-factor penalty (ie,
noise amplification associated with the image reconstruction
procedure due to lacking distinct spatial information in the
receive coil sensitivity profiles37 might have had a negative
effect on the SNR efficiency at 3-fold acceleration. One
approach to overcome this effect might be the design of
close-fitting surface coils38 consisting of at least three receive
elements for each side of the mandible. However, further
studies are needed to evaluate whether multielement surface
coils indeed might provide higher SNR efficiency for rs-EPI
at acceleration factors higher than two.
Several other approaches assumed to increase the SNR
have been limited in the current study due to the complex
structure of the mandibular nerve: 1) decreasing the spatial
resolution (ie, decreasing the matrix size while keeping the
FoV constant) would have impaired tractography due to
partial-volume effects; 2) increasing the number of signal
averages and/or using additional diffusion encoding direc-
tions would have significantly extended the scan duration,
which in turn might have increased the risk of motion arti-
facts, to which the mandibular nerve is especially
susceptible.
In the present study, tractography was feasible in all
volunteers using conventional rs-EPI and yielded quantita-
tive diffusion parameters in line with the literature.17,39–41
Two-fold-accelerated rs-EPI yielded comparable perfor-
mance, but 3xSMS EPI yielded a lower number of tracts. In
addition, tractography was not feasible in one out of eight
volunteers when performing 3xSMS rs-EPI. This observa-
tion might be attributed to decreasing SNR with increasing
acceleration, which might limit the accuracy of voxelwise
tensor calculation.
In general, FA values were not significantly different
between all three sequences. However, in the current study
FA values showed a trend towards higher values with
increased slice acceleration. This observation has been
described,42 but a stringent explanation is still missing.29
Measured MD values were similar for conventional rs-EPI
and 2xSMS rs-EPI, but lower for 3xSMS rs-EPI (Table 4).
Since in peripheral nerves FA is assumed to represent the
microstructural integrity while MD is assumed to represent
the inverse measure of the density of the axonal mem-
brane,43 this observation might also be explained by the
phenomena causing increased FA for increased slice accelera-
tion (see above). Taken together, considering all factors
potentially modulating the FA and MD values as well as
their possible interactions is very challenging and requires
further systematic research. Nevertheless, the present study
suggests that 2-fold-accelerated rs-EPI yields a similar per-
formance when compared to conventional rs-EPI, while
3xSMS rs-EPI seems to systematically provide altered quan-
titative measurements.
Evaluation of the qualitative parameters showed a ten-
dency towards increased artifacts, decreased delineation of
the bilateral mandibular nerve, and decreased overall image
quality with increased slice acceleration. It is noted, howev-
er, that post-hoc analyses revealed that those effects are
mostly explained by a lower performance of 3xSMS EPI,
while 2xSMS rs-EPI provided similar qualitative results
when compared to conventional EPI. Although 3xSMS rs-
EPI requires considerably lower scan durations, which might
decrease artifacts and thus increase overall image quality, the
aforementioned drop in SNR might have caused a general
loss of image quality.
To assess the feasibility of the simultaneous multislice
excitation technique in a small number of patients, an
acquisition of DTI data with an acceleration factor of two
(2xSMS) was added to our established MRN protocol of
the mandibular nerve. The DTI data were qualitatively
robust and quantitatively within the range of previously
reported values in peripheral MRN. The quantitative DTI
values, particularly FA and MD, will be assessed and related
to clinical findings in a larger study cohort to determine the
reliability of these functional MRN parameters in a clinical
context.
Regarding further potential applications in clinical
neurography, the presented technique might be used to
investigate pathologies of other delicate neuronal structures
in patients in vivo. For example, accelerated rs-EPI might
improve the detection of microstructural abnormalities of
the trigeminal nerve in patients with trigeminal neuralgia
with44 and without neurovascular compression.45 Further-
more, the presented technique might enable the assessment
and preoperative visualization of the facial and/or cochlear
nerve in patients with malignant pathologies.46,47 In general,
the obtained gain in SNR over time might be either
invested in accelerated scan time or other parameters, such
as increased spatial resolution, allowing a flexible adaptation
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depending on the clinical context. Therefore, accelerated rs-
EPI yields a promising clinical potential, which should be
examined in future studies investigating pathologies of fur-
ther cranial nerves.
We acknowledge several limitations of the current
study. 1) Sample size. Only eight healthy volunteers were
included in the present study. Our sample size is similar to
other feasibility studies.29 Nevertheless, data were consistent
with low standard deviations regarding all quantitative
parameters. Thus, it is unlikely that a larger sample size
would change the outcome of our study. 2) Study popula-
tion. Only one volunteer was 50 years of age, while the
mean age of the study group was 27 years. Since diffusion
properties are known to change with age41 and the young
volunteers did not have dental implants, it has to be verified
whether the presented technique is applicable in the same
way to older patients with dental implants and/or other
metallic dental material.
In conclusion, the present study demonstrates the fea-
sibility of DTI of the mandibular nerve using 2-fold-
accelerated rs-EPI, which provided similar SNR, quantitative
diffusion values, and overall image quality compared to con-
ventional rs-EPI despite considerably faster acquisition. Fur-
thermore, 2-fold-accelerated rs-EPI proved to be applicable
in clinical patients in a robust fashion. Further studies
assessing patients with a large variety of pathologies of the
mandibular nerve are necessary to evaluate the potential
clinical impact of the proposed technique.
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